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I.  INTRODUCTION

Economic and reliable operation of gas turbines for industrial,
- commercial and military applications depends on long and predictable
lifetimes for all components. The demands placed on materials in gas
turbines include cyclic and sustained stresses and strains at high
temperatures where corrosion processes are often a life-determining
factor. The design and operation of light weight high performance jet
engines represents a tremendous challenge to both designers and

(M made

materials specialists. A recently published summary analysis
to determine the various causes of accidents and mishaps in the Air
Force identified engine failures as the single most important cause of
aircraft accidents/incidents., A breakdown of the causes for failure of
engine components is shown in Figure 1. As can be seen, a significant
number of failures are attributed to failure modes genera11y associated
with the hot section (turbine) of the engine.

It is possible to address each failure mode separately, but
experience reveals that materials used for turbine components accrue
damage having multiple character. Fatigue results from variations in
the power requirements for flight profiles as well as from thermal
fatigue caused by start-up and shut-down. On examining the temperature
distribution for steady state operation of a turbine blade (Figure 2),
it can be seen that temperatures on the order of 1000C are encountered.
At these temperatures creep and corrosion are persistant modes of

damage.

Although a particular mode may be the major contributor to total



damage, it is usually a combination of modes interacting in a complex

fashion that is ultimately responsible for fai]ure(3).

Hereafter,
"High-Temperature Low Cycle Fatigue," HTLCF, will imply all damage
mechanisms contributing to failure, not just pure fatigue.

It is generally accepted that localized inelastic strain controls
the 1ife of components in a fatigue environment. Such strains usually
occur in a fillet or a notch (Figure 3), and the failure mode is
referred to as high-strain or low-cycle fatigue. A considerable amount
of effort has been expended on relating fatigue life to inelastic
strain and other approprigte parameters. The Coffin-Manson rela-
tionship was the first such attempt. Many of the fatigue-life laws
formulated thereafter represent some modification of the Coffin-Manson
equation. Most are emperical equations based on satisfying a best
correlation with laboratory test data. Some are based on a mathemati-
cal description of assumed damage mechanics. Design of critical gas
turbine components requires confidence in predicting HTLCF behavior of
materials beyond 1laboratory testing experience. Confidence in any
fatigue-life predictive methodology must be founded on a knowledge of
actual damage mechanisms. Beginning with an observed damage mechanism,
a model is constructed and a fatigue-life Taw is formulated incorporating
all parameters in the same manner that they relate to the damage pro-
cess.

It is the objective of this research to investigate damage mecha-
nisms in HTLCF of René 80 and IN 100 and to relate such observations

and analysis to fatigue life.



II. LITERATURE REVIEW

A. Physical and Mechanical Metallurgy of Nickel-Base Superalioys

It is appropriate to review some salient features of nickel-
base superalloys in general to provide a background for the discussions

(

which will follow. Several good reviews 4-8) which will serve as a
basic reference are available in the literature.

The aircraft jet engine industry hasmprogessed through impro-
vements in the high temperature capabiiity of nickel-base superalloys.
‘The mainstay of the nickel-base superalloys are those with at least 40 per-
cent Ni and are of the Al-Ti age-hardening type. In these alloys, Cr is
present to provide oxidation resistance along with some auxiliary
strengthening of the matrix. Other elements are also present to provide
solid solution strengthing of the matrix. The major part of the
strengthening at high temperatures, however, is due to the prééipitation
of the ordered gamma prime phase, Y', generally as Ni3(A1,Ti).

In many alloys there are elemental additions such as B and Zr
to improve high temperature creep properties and/or fabricability.

Physical properties of interest include: melting range, den-
sity, dynamic wmodulus, thermal conductivity, and thermal expansivity.
Mechanical properties of interest include: high temperature tensile,
creep rupture properties and mechanical and thermal fatigue resistance.
Other parameters such as weldability, machineability, formability, hard-
‘ness, oxidation resistance and resistance to various corrosive media

play an important role in the selection of an alloy for a given applica-

tion. Unfortunately no single alloy embodies the optimum of all



properties; therefore, a compromise is usually required.

1. Physical Properties

One very useful property of nickel-base superalloys is
the retention of very high strength levels at large values of the ratio
- operating temperature/alloy melting point - known also as the homolo-
gus temperature. Homologus temperature is often used to specify regimes
of material behavior,

Density is a design consideration. In conjunction with
the pressure from hot expanding gases in a jet turbine, rotating com-
ponents must support the centrifugal forces caused by their own mass.

Dynamic modulus relates stress to time independent
strain. It is an important parameter in calculations of clearance and
stress.

Thermal conductivity and thermal expansivity are familiar
parameters which take on special significance in jet turbine design.
Adequate clearance must be allowed to permit unobstructed expansion of
all components. Thermal conductivity and thermal expansivity are the
principal determiners of thermal stresses and thermal fatigue behavior.
A material with a high thermal conductivity and low thermal expansivity
is most desirable.

2. Chemical Properties

Phase stability is an important consideration for nickel-
base superalloys since basic property data (short term) is used to pre-
dict their in service behavior (long term). Many such considerations

are thermodynamic in nature, but not only so. Most observed degradation



processes, although thermodynamically favorable, proceed only (or at a
much accelerated rate) under stress and/or attending deformation.

During operation, gas turbine components are subjected to
oxidation and hot corrosion., Hot corrosion is a form of accelerated
oxidation in atmospheres containing sulphates, sodium salts, halides,
vanadium and lead oxides, all of which can be found in fuel burning
systems. Nickel forms a low melting point eutectic with nickel sulphide
and hence, in sulphur-bearing gases, attack of a nickel-base alloy sur-
face is rapid and drastic. Nickel-base superallioys rely on the for-
mation of surface films of A1203 and Crzo3 for high temperature surface
protection., Mechanical and thermal cycling, however, can crack and
spall these protective oxide films and expose clean unprotected metal
for further attack. Superalloys are sometimes used in a coated con-
dition, but such coatings possess poor mechanical strength and craék
under high strains.

3. Mechanical Properties

Components in a jet turbine are designed to operate below
yield stresses:‘ However, tensile properties of nickel-base superalloys
may degrade after long hours of service. This reduction in properties
must be anticipated in design.

When an alloy undergoes permanent plastic deformation
under stress, the amount of deformation being a function of time, it is
said to creep. Such permanent deformation is important for two reasons.

When calculations for clearances are made, account must be made for

dimensional changes of creeping components. - Creep is a failure mode



which may l1imit the safe life of a component.
Thermal and mechanical fatigue may be the most important
properties in view of the consequences but are also the most difficult

to predict from test data. The basic property to be understood is high-
temperature low-cycle fatigue behavior.

4, Strengthening Mechanisms in Nickel-Base Superalloys

If the fullest capabilities of nickel-base superalloys
are to be realized, it is important that the basic factors controlling
the mechanical properties be understood. R. F. Decker of International
Nickel Company has assembled an excellent review of this subject(a).
Some important aspects of this review will be summarized here.

The nickel matrix, vy, alone is not inherently endowed
with a high temperature capability in agressive environments, but when
combined with other elements, alloys can be utilized to 0.8 Tm (melting
point) and for times up to 100,000 hours at somewhat lower temperatures.
This endurance must be attributable to the high tolerance of Ni for
alloying without phase instability and, with Cr additions, the tendency
to form Cr203 - rich protective scales.

Solid-solution elements in v are Co, Fe, Cb, Cr, Mo, Ta,

W, ¥V, T, and A1C9711) . These elements differ from Ni by 1 to 13% in

atomic dijameter and 1 to 7 in Nv’ the electron vacancy number,

Hardening has been related to this atomic diameter oversize as measured

(12,13).

by lattice expansion An additional effect can be attributed to

the lowering of stacking fault energy by these high N olements ' t4:15)

The lowering of stacking fault energy by alloying elements would make



cross-slip more difficult in y. Above 0.6 Tm, the range 6f high tem-
perature creep, Y strengthening is diffusion dependent. The slow-
diffusing elements, Mo and W, would be expected to be potent
hardeners(16).

Nickel-base superalloys owe much of their high tem-
perature capability to the presence of the y' precipitate. The com-
patibility of crystal structure and lattice constant (~ 0-1% mismatch)
with Yy allows homogeneous nucleation of ¥' with low surface energy and
long time stability. <y ' contributes strength to the y- ¥' alloy by
anti-phase boundary (APB) as well as in the conventional precipitate-
matrix fashion. For sma11‘sizes, dislocations cut the y' precipitates.
Beyond a certain ' particle size, by-passing will occur by either
looping or dislocation climb., Several bnsic factors contribute to the
magnitude of hardening: anti-phase boundary (APB) and fault energy of
vy', ystrength, y' strength, coherency strains, volume percent v',
particle size of y', diffusivity in v and +v' and, possibly, vy -v'
modulus mismatch. All of these factors are not additive(17’18).

Above about 815°C, y' ripens making dislocation by-
passing easier -and consequently reducing the flow stress of the
materia1(19). Despite the tolerance of the nickel base for heavy solid-
solution and y' strengthening, a limit exists beyond which undesirable
phases precipitate. y' can degenerate to n or NiBCb with an attending
degradation of strength. Sigma, an electronic compound, can precipitate
in the temperature range of 650C to 925C, especially under stress.

Sigma is inherently brittle and often precipitates in a platelike form.



Both of these factors contribute to a reduction in mechanical proper-
ties. The occurrence of sigma phase can be predicted through electron
vacancy number calculations, of the residual matrix(zo).

A common form of creep damage is grain boundry sliding.
In nickel-base superalloys, advantage is taken of discontinuous carbides
which enhance grain boundary irregularity and impede sliding. The com-
mon classes of carbides in nickel-base superal]oyé are MC, M23C6,
Cr‘7C3 and MGC.(G) MC usually takes a coarse random cubic or script
morphology. M23C6 shows a marked tendency for grain boundary forms. At
760C to 870C, nearly continuous platelet forms predominate while at $80C
more blocky and less continuous types are found. MsC can precipitate in
blocky form in grain boundaries and in Widmanstatten intragranular form.
It is apparent that continuous grain boundary M23C6 and Widmanstatten
M6C are to be avoided for best ductility and rupture life.

Control of grain size and shape are a primary con-
sideration in the treatment Aof nickel-base superallioys for high tem-
perature service. Since creep damage generally accrues at grain
boundaries, improved properties can be realized in large grained struc-
tures, Cast superalloys have also exhibited increased rupture life and
creep resistance with increased component-thickness to grain-size

ratio(23).

It is special control. of grain structure, that is, direc-
tionally solidified and single crystal forms, which promises further
progress in the high temperature capabilities of nickel-base

superalloys.



B. Damage Mechanisms in High-Temperature Low-Cycle Fatigue

Many nickel-base superalloys were developed for critical com-
ponents of gas turbines. Experience has shown that these components are
LCF - Tife limited (<104 cycles). The inelastic strains which give rise
to this failure mode result from stress concentrations in component
geometry and thermal cycling caused by start-up and shut-down. A report
compiled by Oak Ridge National Laboratory (ORNL) entitled "Time

Dependent Fatigue of Structural Alloys"(24)

is a comprehensive reference
of this general subject. Review papers which address damage mechanisms
in nickel-base superalloys more specifically are also available in the
1iterature!25-30),

The multiplicity of HTLCF damage has been recognized by
investigators(Bl). The expression "creep-fatigue-environment

interactions“(3o)

is broadly accepted in recognition of the complex,
interdependent nature of damage which occurs in nickel-base superalloys
in service and in laboratory tests., Each of these modes of damage can
be quite serious when considered separately, but when all are operative
in HTLCF, their interaction generally effects an increased rate of net
damage accumulation.

In the high strain regime of HTLCF, it is commonly observed
that cracks nucleate very early in cyclic life, often during the first

cyc]e.(24)

Regardless of the strain level, propagation is at first
(competitive) among the many heterogeneously nucleated cracks until one
or more dominate or coalesce, leading to final failure. Damage mecha-

nisms in HTLCF, therefore, are those processes which contribute to the



initiation and subsequent propagation of these cracks.

Several topics of importance to damage mechanisms in HTLCF
will be explored. Each topic will be introduced and discussed in a
general way followed by specific references to investigations presented

in the literature which demonstrate some pertinence to the present work.

1. Deformatiqn Behavior

Nicke1-ba§e superalloys accommodate the inelastic strains
of cyclic deformation in two ways; by heterogeneous motion of disloca-
tions on very few slip planes, planar slip, or in a more homogeneous
fashion on a greater number of slip planes, wavy slip. Understanding
the prevailing slip character is essential to understanding the various
fatigue cracking modes and their dependence on variables such as tem-
perature and strain rate(zs).

Planar slip is favored by a low stacking fault energy,
ordering, the presence of coherent precipitates, low temperatures (< 0.4
Tm), small strains, and high strain rates. Cyclic strain reversals are
repeatedly accommodated in planar arrays called persistent slip bands,
PSB. These planes accumulate damage (dislocation debris) until decohe-
sion between planes results., Such PSB cracking occurs between planes of
greatest resolved shear stress (that is at approximately 45° to the
principal stress axis) and appear as intrusions and extrusions on the
material surface. This initial stage of fatigue cracking is called
Stage I cracking. After these Stage I cracks develop, their propagation

is often. redirected normal to the principal stress axis.

Wavy slip is favored by high stacking fault energy, inco-
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herent precipitates or particles, high temperatures (> 0.4 Tm), large
strains and low strain rates. The principal requirement for wavy slip
is the ability for dislocations to change glide planes. This can be
accomplished by cross-slip or dislocation climb. Both require thermal
activation and  therefore wavy slip is more prevalent at high tem-
peratures. Climb and cross-slip are time-dependent processes, so the
nature of deformation will be strain rate or frequency dependent.
Fatigue cracking under wavy slip conditions can occur in two modes;
transgranular cracking perpendicular to the principal stress axis which
is called Stage II fracture, or intergranular cracking.

Gell and Leverant(32) observed Stage I fatigue cracking
in the nickel-base superalloy, Mar-M200. They proposed a model to
explain results based on weakening of the cohesive energy of the active
slip planes by reversed shear deformation and the fracture of bonds
across the weakened planes by the local normal stress.

Gell and Leverant(33) also studied the influence of tem-
perature and cyclic frequency on the fatigue fracture of single crystals
of Mar-M200. Except for the lowest frequency at the higher temperature
where creep damage was extensive, crack initiation occurred at subsur-
face microporosity. Cracks initiated and propagated in the Stage I mode
at the lower temperatures and higher frequencies, whereas Stage II crack
initiation and propagation was found at the higher temperatures and
lower frequencies.

(34)

Fournier and Pineau investigated the low-cycle fati-

gue behavior of Inconel 718 at 25C and 550C. Electron microscopy showed

11



that precipitates were sheared in the course of cyclic straining and
that plastic deformation proceeded by the propagation of planar bands.
These bands were identified as twins. Cracking was generally initiated
along the interfaces between these twin bands and the matrix, but at
elevated temperatures and low stain rates, intercrystalline cracking
took place as well.

Merrick(35) found the low-cycle fatigue crack initiation
in three wrought nickel-base alloys at 538C to be of classical Stage I
type and also at favorably oriented twin boundaries.

Menon and Reimann(36)

studied low-cycle fatigue crack
initiation in René 95 at temperatures up to 650C. Very high resistance
to LCF cracking was attributed to the homogeneous deformation charac-
teristics of necklace René 95. The dislocation substructure in the
warm-worked grains seemed to be very effective in dispersing slip
thoughout a grain, thus forcing the material to deform homogeneously.

Wells and Sullivan'37) found deformation of Udimet 700 at
927C to be more homogeneous than at 760C, consequently the lifetime was
greater at the same value of plastic strain range.

(38) gtudied the LCF behavior of René

Antolovich et. al.
80 at 871C as affected by prior exposure at 982C, either stress free or
at 1/3 the yield. The prior exposure caused significant microstructural
changes and 1life reductions which were most pronounced for stress
exposed specimens tested at high strain rates. Dislocation substruc-

tures were extensively studied. A similarity of slip mode was found for

all conditions indicating that a difference in 1life could not be attri-

12



buted to basic differences in the plastic deformation process.

Additional references(39—4])

pertaining to the role of
deformation mode on high temperature fatigue behavior are available,.

2. Transgranular Crack Initiation

One predominant mode of transgranular crack initiation
has already been discussed, that is cracking of persistent slip bands,
Stage I cracking. It is generally observed up to about 0.4 Tm at ordi-
nary strain rates but to higher temperatures at very high strain rates.
Initiation frequently occurs at microstructural defects. In cast
nickel-base superalloys, these defects can be found intragranularly.
They include casting pores and nonmetallic inclusions. MC carbides are
often present in platelet form and contain pre-existing cracks. Any
carbides present at the material surface provided a site for localized
oxidation with subsequent crack initiation. Transgranular cracks may
also initiate at stress concentrations resulting from cracks in a sur-
face oxide layer or coating.

The tendency for Stage I - type transgranular cracking is
well documented by the cases previously cited,

Gell and Leverant(32’42) have observed matrix slip and
crack initiation to occur at precracked MC carbides and to a lesser
extent at micropores in Mar-M200. Fatigue lives were greatly affected
by the size of preexisting cracks in MC-type carbides contained in the
microstructure.

(36)

Menon and Reimann , in their study of crack initiation

in René 95, found the number of cycles to produce crack initiation to be

13



strongly affected by brittie constituents of the microstructure such as
MC carbides. It was found that the specimens that had shorter lives
were characterized by MC carbide cracking at the site 6f crack ini-
tiation, whereas those which had longer lives under the same conditions
of loading and temperature were characterized by only slip band c¢racking
with no evidenée of MC carbide cracking or decohesion in influencing the
initiation.

Coffin(43) has noted crack initiation at oxidized car-
bides at the surface of Inconel 718 tested in air at 850C.

3. Intergranular Crack Initiation

Intergranular crackingis a mode of damage generally asso-
ciated with creep. For a given alloy, the creep component during HTLCF
increases with increased temperature, maximum stress, mean stress, hold
time, and with reduced frequency. Cracking may initiate below the
material surface. Triple point or wedge cracks are favored by high
stresses and relatively low temperatures. Cavitation is a common grain
boundary damage mechanism. It is favored by low stresses and high tem-
peratures. Cavities, if present, can be found on grain boundaries with
high resolved shear stresses. They are also generally associated with
grain boundary particles or carbidés because of tﬁe high shear stresses
developed at those locations. Intergranular cracks can initiate at the
interface between second phase particles residing at the grain boun-
daries and the adjacent grains.

Most intergranular crack initiation can be related to

environmental degradation of the grain boundaries. These cases will be

14



(44) studied

discussed in the next section. However, Wells and Sullivan
the effect of temperature on the LCF behavior of Udiment 700 and
concluded that observations of interior sections support a contention
that the transition to intergranular crack initiation with increasing
temperature originates from mechanical rather than chemical processes.
This appeared to result from the lack of mechancial constraint normal to
the surface in conjunction with reduced grain boundary strength(45).

Gell and Leverant(42)

found intergranular crack ini-
tiation and propagation in conventionally - cast Mar-M200. In columnar
- grained Mar-M200 crack initiation occurred on short transverse
segments of grain boundaries but crack propagation was transgranular.

Wells and Su]]ivan(46)

proposed interactions between
creep and low-cycie fatique in Udimet 700 at 760C to take the form of
cavitation at grain boundaries. It was surmised that the high internal
stresses associated with both creep and plastic deformation are attri-
buted to the pileup of dislocations at grain boundaries. It was postu-
Tated that the pileup of dislocations is relaxed by cavitation and that
the rate of deformation is governed by the growth of these cavities as
they annihilate dislocations. These cavities were observed to be a
source of intergranular cracking in creep and low-cycle fatigue.

More recently Min and Raj(47)

have proposed that grain
boundary cavitation can account for hold-time effects. The nucleation
of cavities is stress and time dependent. It can be aided by grain
boundary sliding provided a certain type of cycle is applied to the spe-

cimen. The cycle should be unsymetrical in such a way that the tension

15



hold period is longer than the compression hold period.

4. Environmental Damage

The deleterious effect of a gaseous environment on
nickel-base superalloys has already been discussed. Damage is a result
of oxidation which may have a variety of influences on the mode and rate
of fatigue cracking. As mentioned previously, stress concentrations
resulting from cracks in a surface oxide layer will serve crack
initiation. Cyclic deformation accelerates environmental attack by
repeatedly rupturing potentially protective oxide films. It is there-
fore obvious that the meqhanica1 properties of the oxide layer will
affect fatigue 1ife. Nonmetallic inclusions present in the alloy may
intersect the surface. These phases may be easily oxidized and hence
provide sites for crack initiation. Grain boundaries are particularly
susceptable to environmental attack because of the presence of easily
oxidized carbides as well as providing an easy diffusion path. Once
initiated, the rate of crack advance is also affected if not controlled
by the oxidation process. Oxidation may preceed the crack tip even
depleting the alloy of easily oxidizing elements in a localized region
around the crack tip. One possible beneficial effect can result from
the oxidation process blunting the crack tip and slowing crack advance,

Coffin(48) recognized cyclic-strain induced oxidation of
high temperature alloys in his early investigations. An explanation of
the observed effects was based on localized and reversed grain boundary
deformation, leading to repeated rupture of the protective oxide film,

and accelerated oxidation in the region of deformation.
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In cast Udimet 500 subjected to high-temperature low-

cycle fatigue (McMahon and Coffin(49))

, localized oxidation at grain
boundaries played an important role in crack nucleation and propagation.
Evidence was presented of a surface ridging and pronounced grain boun-
dary penetration due to oxidation, a denuded vy ' zone adjacent to the
oxide, and cracking of the oxide. The ridging was selective and pre-
sumed to occur on those boundaries where high stress exists. The pheno-
menon was veiwed as analogous to stress-corrosion cracking.

Most alloys when tested at elevated temperatures under
cyclic loading conditions which include hold times usually exhibit a
lesser fatigue resistance in terms of cyclic life if the hold is in ten-
sion rather than in  compression. However, Teranishi and

(50) found that a compression hold can be more damaging than a

McEvily
tension hold for 2 1/4 Cr-1Mo steel. The reason for the effect of hold
time on cyclic life can be related to the behavior of the oxide imme-
diately after the hold period. After a tension hold the oxide spalls to
produce a new surface which, at least in the early stages of the test,
does not contain macroscopic cracks. On the other hand, after a
compression hold the oxide cracks rather than spalls, thereby creating
localized stress and strain concentrations which facilitate the early
nucleation of fatigue cracks.

Low-cycle fatigue tests on A286 by Coffin et. a1.(51’52),
which covered a frequency range of 5 to 0.1 cpm, have shown a pronounced

frequency dependence when the tests were run in air. In contrast, tests

run in a vacuum did not show such a frequency effect. It was concluded

17



that, in the prescribed frequehcy range, environmental effects were
responsible for the frequency dependence.

In studying the effect of frequency on HTLCF of cast René
80 at 871C Coffin(53) found, in all cases, crack nucleation to be
intergranular with oxide ridging to be the responsible mechanism.
Propagation, on the other hand, was transgranular for all frequencies
considered. This transgranular crack propagation is believed to account
for the frequency insensitivity found at high strain and short lives,
through crack tip blunting due to oxidation with decreasing frequency.
This transgranular characteristic acts to enhance the high strain, low
frequency, and hold time fatigue resistance of René 80.

Antolovich et. a1.(3’38’54) concluded from work on Rene’
80 and René 77 that LCF damage at elevated temperature is primarily in
the form of oxidation or oxide penetration along surface connected boun-
daries. A crack is said to initiate at a critical degree of boundary
penetration.

Menon(ss) found that the inherent creep strength of Rene
95 can be realized only in vacuum and that the presence of an oxidizing
environment caused premature fracture of creep specimens due to oxida-
tion and accompanying surface cracking. Fracture in the air environment
resembled stress corrosion with one single crack being responsible for
the final failure. His observations indicate that oxidation enhances
crack nucleation and propagation at grain boundaries.

Dennison et. a1.(56) found a similar behavior for cast IN

100. Fracture occurred by propagation of surface nucleated cracks.

18



Udimet 700 was tested in static tension at 927C by Chaku

(57) An air environment decreased rupture life and duc-

and McMahon.
tility, except in very coarse-grained cast specimens, because of prema-
ture failure by stress-assisted grain boundary oxidation and cracking.
In very coarse-grained cast specimens greater life and ductility were
found in air than in vacuum, presumably due to the paucity of transverse
grain boundaries and to some type of surface hardening effect.
5. Coatings

In view of the foregoing discussion, it is apparent that
the environment plays an important role in initiation of fatigue cracks
at high temperatures. Improved resistance to HTLCF can be expected if
oxidation resistant coatings are applied to nickel-base

(28) The use of nickel-aluminide coatings on gas turbine

superalloys.
engine blades and vanes that operate above 815C is one example. The
application of a coating to the surface of a material can have a number
of effects relevant to the fatigue properties of the coating-substrate
composite: (1) the deformation behavior of the substrate may be changed
because of the presence of a surface layer having a different elastic
modulus and yield strength from that of the substrate; (2) as long as
the coating is sound, oXygen is kept away from the substrate and the
effects of oxygen absorption and gross oxidation are eliminated; and (3)
since the coating is at the surface, the fatigue properties of the
coating in a gaseous environment become important. If the fatigue pro-

perties of the coating are better than that of the substrate, increased

life may be expected.  On the other hand, if the fatigue properties are
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poorer than the substrate, cracks in the coating will serve as surface
notches and as paths for oxygen to reach the substrate. Reduced fatigue
life of the composite would then be expected. Coatings frequently are
more brittle than the substrate, so it is important that the maximum
strain in the fatigue cycle does not exceed the fracture strain in the
coating or else cracking of the coating will occur in the first tensile
cycle.

Wells and Su11ivan(32)

studied the HTLCF behavior of
coated Udimet 700 at 927C. They found an aluminide coating eliminated
intergranular crack initiation in the adjacent substrate and tended to
crack at pit-like defects at the free surface. A significant increase
in life was obtained by coating. Smoothing the coating improved 1life
further, The importance of understanding the unique
compositional/microstructural/mechanical nature of a coating in
achieving optimum thermal fatigue resistance for high-temperature
materials has been recognized.(sa)

C. Crack Growth Under Creep and Fatigue Conditions

Damage mechanisms in HTLCF, have been defined as those pro-
cesses which contribute to the initiation and subsequent propagation of
cracks. Propagation of cracks may constitute a significant portion of
cycles or time to failure in a laboratory test. There has been con-
siderable research into the propagation of cracks in elastic bodies. In
this case the familiar Paris equation generally applies. It relates the

crack advance in a cycle to the stress intensity range at the crack tip.
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da = C(aK)m (1]

N
where A K = Stress intensity range
C,m = constants

In the case of the HTLCF, cracks must propagate through a body
experiencing both elastic and inelastic strains. There have been a few
investigations in this general area. Also, studies of "creep crack
growth" behavior using FCP type specimens loadedstaticallyare relevant
to HTLC? crack propagation, particularly if hold times are involved.
Crack growth per cycle or per unit time has been related to; stress
intensity, energy integral (J-integral), energy rate integral
(C*-integral), inelastic strain range, crack opening displacement (COD),
crack tip opening displacement (CTOD) and net section stress. There has
been noted in all cases a threshold value of the driving force parameter
required to effect crack advance.

Several attempts(59'64) have been made to measure the LCF
crack propagation rates of different alloys in the fully plastic regime
under controlled plastic strain amplitudes. Some of these test results

show that fully plastic fatigue cracks usually grow by a Stage Il mode

and that growth can be represented by the following equation:

da=Al 8¢ )%, [2]
an P
where Ae_ = plastic strain range
= crack length
A,o = constants

The same equation was used in a theoretical model of fatigue crack

growth derived by Tomkins.(65)
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Huang and Pe11oux(66)

studied fatigue crack propagation in
Hastelloy-X in air, at 25C and at 760C under controlled plastic strain
amplitudes in the fully plastic LCF regime. It was found that da/dN =
Al Ae p)a a is only an approximation of the more general equation da/dN
= B(AJ)% . It was shown that the theoretical models predicting LCF
lives by integrating thevfu11y plastic crack growth rates will be in
error if the (da/dN, 4 J) relationship is not used.

Although quantitative studies of crack growth rates in plastic
fields are few, much HTLCF behavior is related to crack propagation in
qualitative terms.

The work of Gell and Leverant(42) on the HTLCF of Mar-M200 at
760C and 927C has already been referred to. The LCF lives of the colum-
nar grained and single crystal wmaterials were similar at both tem-
peratures and were one to two orders of magnitude greater than those of
conventionally-cast material. The variations in the fatigue lives among
the three forms of Mar-M200 were related to the hore rapid rate of
intergranular crack propagation compared to that of transgranular propa-
gation. In conventionally-cast Mar-M200, cracks were initiated in grain
boundaries and crack propagation occurred rapidly along an almost con-
tinuous grain boundary path. In the columnar grained material, crack
initiation occurred on short transverse segments of grain boundaries,
but crack propagation was transgranular.

(29) studied the effect of material

Woodford and Mowbray
characteristics and test variables on the thermal fatigue behavior of

several cast superalloys. Coarser grain size specimens had reduced
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crack propagation rates. Taken in conjunction with the results from a
directionally solidified specimen, it was concluded that in the range of
test conditions studied, slower solidification leads to reduced thermal
fatigue crack propagation rates. In all cases it was shown that
cracking was principally interdendritic.

So1omon(67)

investigated the frequency dependence of LCF crack
propagation in A286 at 593C. He found that dividing the frequency range
studied into two regimes provided a better correlation with crack growth
rates. It was surmised that the existence of more than one frequency
regime reflects the influence of more than one time dependent phenome-
non. Non-environmentally controlled time dependent processes are
believed to control the lowest frequency regime, while environmental
factors become dominant at higher frequencies.

waring(éa) has extended some of the crack propégation models
to account for strain hold periods. Data obtained on three austenitic
stainless steels show good agreement with predictions and confirm that
the reduction in fatigue endurance for cycles containing hold periods at
the maximum tensile strain can be explained in terms of the interaction
between the creep damage formed during periods of stress relaxation, and
the steadily advancing fatigue crack. Under these conditions a satura-
tion in fatigue life occurs with 1ncreasing hold period.

Sandananda and Shahinian(eg)

investigated crack growth beha-
vior under creep-fatigue conditions in Udimet 700 using compact tension
specimens. The crack growth data were analyzed in terms of the stress

intensity factor as well as the J-integral parameter. Crack growth
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behavior was shown to depend on the initial stress intensity level and
the duration of hold-time at the peak 1oad. For stress intensities that
are lower than the threshold stress intensity for creep crack growth,
the crack growth rate decreases with increase in hold time even on a
cycle basis to the extent that complete crack arrest could occur at pro-
longed hold times. This beneficial creep-fatigue interaction is attri-
buted to the stress relaxation due to creep. For stress intensities
greater than the threshold stress intensity for creep c¢rack growth, the
growth rate on a cycle basis increases with increase in hold time. For
conditions where there is no crack arrest, the crack growth appears to
be essentially cycle-dependent in the low stress intensity range and
time dependent in the high stress intensity range. Both the stress
intensity factor and the J-integral were shown to be valid only in a
limited range of loads and hold times where crack growth rate increases |
continuously.

Sadananda  and Shahim‘an(m)

also compared creep crack growth
behavior in Udimet 700 to that in Alloy 718 determined ear]ier.(n) The
results showed that the crack growth rates in Udimet 700 were signifi-
cantly lower, the threshold stress intensity for crack growth was
larger, the temperature sensitivity of the growth rate was smaller, and
the creep life was much longer than those in Alloy 718. These differen-
ces were attributed to the difference in the mechanisms of the crack
growth in the two alloys. In Alloy 718, the crack growth was presumed

to be due to two competing processes ; a grain boundary diffusion pro-

cess which contributes to the crack growth, and a creep deformation pro-
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cess which retards the growth. In Udimet 700 it was presumed that the
crack growth occurs as a result of deformation which nucleates voids or
cracks at the grain boundary junctions ahead of the main crack and of
the joining of these cracks to the main crack. As a result, the crack
growth rates were significantly lower than those due to the grain boun-
dary diffusion controlled process.

(72) evaluated Udimet 700 under combined

Ellison and Sullivan
creep and fatigue conditions., They found early initiation of intergra-
nular surface cracks, formed by a static creep process, and their sub-
sequent transgranular propagation in fatigue due to the alternating
load.

(73) have characterized the elevated tem-

Jones and Tetelman
perature static load crack extension behavior of type 304 stainless
steel. Crack extension rates obtained as a function of temperature over
the range 650C to 800C and as a function of specimen geometry at 750C
were correlated with both net section stress and the apparent stress
intensity factor. The results indicated that the stress intensity
correlation is strongly dependent on specimen geometry, whereas the net
section stress correlation appears to be generally valid, A direct
correspondence between crack extension and local (crack tip) displace-
ment was noted when creep crack extension rates at 750C were compared
with COD obtained from actual castings of the crack tip.

(74) was successful in applying fracture mechanics

Yan Leeuwen
to creep crack growth. He found that: (1) Creep crack growth rates

correlate with stress intensity only for creep brittle materials. They
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correlate better with net section stress for creep ductile materials.
(2) Creep crack growth rates correlate with CTOD rate, but the applica-
tion of this relationship to design is difficult because accurate calcu-
lation of CTOD rate is in itself a formidable pfoblem. (3) Creep crack
growth rates correlate with the energy rate integral, C*, which is an
adaptation of the J-integral involving substitution of strain rates and
displacement rates for strains and displacements. This method holds
great promise for design calculations, because C* can be calculated
using finite element analysis, as well as measured in constant displace-
ment rate test.

The role the environment plays in crack propagation is not
easily quantified. Air is usually an agressive environment and may
cause large increases in crack growth rates. At this time it is not
clear whether environmental effects are rate controlling, or whether
plastic deformation processes near the crack tip are rate controlling
with some modification due to the environment.(75)

D.  Role of Cyclic Stress-Strain Response in HTLCF

Fatigue damage results from cyclic stresses and strains
whether they be mechanically or thermally induced. A laboratory test is
performed under prescribed conditions of stress and/or strain. In some
tests a fixed stress program is imposed and the resulting strain
response is monitored. The stress response is identical for every cycle
of the test and the strain response changes as it may to reflect
metallurgical changés and damage processes. In the case of HTLCF

testing, a fixed strain program is usually qimposed and the resulting
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stress response reflects metallurgical changes and damage processes. It
is sometimes useful to impose both stress and strain control as is the
case with cyclic creep rupture testing. (Both stress and strain should
be monitored continuously during any test).

Cyclic stress and strain are the causes of fatigue damage but
are quite often used as a measure of damage. Stress and strain parame-
ters often show good correlation with cyclic life as is the case with
the Coffin-Manson equation. This should be qualified. HTLCF damage has

been used as a general term for those physical processes which degrade

the mechanical integrity of a material subjected to cyclic stresses and
strains at high temperatures in a gaseous invironment. It is because
cyclic stress and strain are the necessary driving force for fatigue
damage processes and an accelerator for those attributed to environmen-
tal effects that stress and strain can be related to damage and, there-
fore, cycles to failure of a test specimen or component. Any change in
the damage driving parameters (i.e. stress, strain, temperature) will
change the nature, quantity and/or rate of damage accumulation.
Procedures for calculating fatigue life should be based on a knowledge
of damage mechanisms accounting for the driving parameters in the same
way that they are known to affect damage mechanisms. It should be
pointed out that, the greater is the maximum tensile stress, the smaller
will be the damage (crack, "oxide spike", etc.) required to cause
separation of a specimen or component.

Specific references to appropriate literature haVe al ready

been made in previous sections.
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E. Methods for Life Prediction

A case for mechanistically based 1ife prediction methodologies
for HTLCF has already been made. However, most recognized "fatigue
laws" are empirical equations based on satisfying a best correlation
with laboratory test data and incorporate damage driving parameters in
an appropriate manner. A few of these fatigue laws will be reviewed.

1. Coffin-Manson Equation

The first fatigue law proposed to relate fatigue failure

to imposed inelastic strain was the Coffin-Manson equation(76’77):
where Aey = inelastic strain range
Nf = cycles to failure
B,C1 = constants

Several theories have been proposed to confirm the
Coffin-Manson equation(24). It is generally observed that in the high-
bstrain regime, microcracks nucleate and start to grow very early in life
and thus the physical process characterized is that of high strain crack
growth. A proposed high-strain crack growth law, Eq. [2], already
discussed, can be integrated to yield the Coffin-Manson equation if the

cycles required for initiation are ignored.

2. Frequency-Modified Coffin-Manson Equation

Another phenomenological approach incorporates the fre-
quency of a characteristic cycle of strain into the Coffin-Manson

(78) It has

equation to account for time-dependent damage processes.
been found convenient to use the quantity (Nf\)K']) as a parameter for

combining frequency and life. The Coffin-Manson equation becomes
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K-1\8 _
Aep(va ¥ o=, (4]
where Ae g = inelastic strain range
Nf = cycles to failure
v = effective frequency
K, 8 ,C2 = constants

Note that K serves as a measure of time dependency; when K =1, Eq. [4]
is independent of frequency.

3. Coffin's Frequency Separation Model

This model postulates that the basic parameters necessary

to predict the creep-fatigue life are the inelastic strain range, the
tension going frequency, and the loop-time unbalance.(79) Each of these

parameters measure a different aspect of life.

m K
Ne=cae, Ve [ Ve [5]
Vi

where Ae jp = inelastic strain range

N¢ = cycles to failure

V¢ = tension frequency

v = compression frequency
C, 8,m,K = constants

4. Ostergren Model

Ostergren's mode1(80’81) is based upon the premise that
low-cycle fatigue is primarily a problem of crack propagation.
Accordingly, cracks nucleate very early, and the majority of the life is
spent growing these cracks to a critical size. The model's measure of
fatigue damage is the tensile hysteretic energy aborbed by the specimen.
The life is predicted by postulating a power-law relationship between

the measure of fatigue damage and the life.
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Nf=C( Aeinx dt)B 6]

where Aejp = inelastic strain range

Nf¢ = cycles to failure
ot = peak tensile stress
C,8 = constants

It should be noted that Eq. [6], like the Coffin-Manson
law, is valid only for time-independent fatigque. When time-dependent
mechanisms are present, as in the creep-fatigue interaction, Eq. [6] is
modified by a frequency factor which takes into account the time depen-

dency.
Ne=Claeg xa)f wm [7]

5. Damage Rate Model

The damage rate approach‘sZ) is a phenomenological
approach based upon the premise that low-cycle fatigue is primarily a
process of crack propagation and cavity growth., Microcracks and cavi-
ties are assumed to be originally present in the virgin material, and
the majority of the low-cycle-fatique 1life is spent growing these
microcracks and cavities to a critical size at which time they link up
and form a macrocrack. The basic equation below describes the assumed
relationship between the "damage" rate and the controlling mechanical
factors. For tensile loading:
m

d(ilna) =T
dt

€

(8l

P

For compressive loading:
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(1n a) " ! 93
d{Ina) =C |e £ 9
at p p
where a = crack length
€p = plastic strain
ep = plastic strain rate
T,C,m,E = constants

Integrating this equation for the simplest case, where
the cyclic loading is both symetrical and applied at high frequency (no

hold-times), results in the foliowing estimate of the failure cycles:

-(me1) - Tk
Ng ={m+] Ae € [10]
Szl !
m| |7 z?
where N¢ = cycles to failure

Aep = plastic strain range

€ = plastic strain rate
A,m,R = constants

6. Strain Range Partitioning

Strain Range Partitioning is an approach for creep-
fatigue life prediction. The inception and early development are attri-
buted to Manson, Halford and Hirschberg of NASA. The literature abounds
with related artic\es(83'96) including the proceedings of a recent AGARD

conference.(97)

The method incorporates grain boundary sliding (creep)
and s11p plane sliding (plasticity) as assumed mechanisms of damage
accumulation. An analysis or prediction of life, therefore, requires
partitioning of the total inelastic strain range into its four generic
components and attributing to each component a proportionate amount of
damage. The four basic types of 1inelastic-strain cycle include:
A= type (plasticity reversed by plasticity); 4ce type (creep

pp cc

reversed by creep), Ace o type (plasticity reversed by creep) and
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A e cp type (creep reversed by plasticity). The idealized hysteresis

loops are shown in Figure 4. The A:spp type of strain is time
independent and does not require thermal activation. The remaining
three cycle types have at least one time dependent component. In prac-
tice, even simple strain cycles imposed on test specimens have some
amount of the Ace op type of cycle.

When several types of strain ranges are involved, the
first step is to compute a life from the basic life relationship of each
strain range as if the strain range were the entire sum of strain ranges
involved in the analysis. Once these lives have been calculated, the
expected 1ife 1{s obtained by weighting each of the lives calculated
according to that fraction of the total inelastic strain range that is

truly associated with that strain range component. The basic equation

is:

1 F F F F | (11]
i Rl
f Npp Ncc Npc NCp
where Nf = cycles to failure
Nij = number of cycles to failure if the entire
inelastic strain range was comprised of Asij
type deformation
Fij = the fraction of the inelastic strain range

which is comprised of Ae ij type deformation
Note that since the PC and CP type cycles are mutually exclusive, Eq.
[11] would be applied with only three terms on the right-hand side.

7. Antolovich's Oxidation Model
(3,38,

Antolovich et. al. 54) have proposed a model based

on oxidation related crack initiation. The model is based on the obser-
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vation that damage in René 80 and René 77 takes the form of oxygen or
oxide penetration along surface connected boundaries. A crack is said
to initiate at a critical degree of boundary penetration. The equation
expressing this failure criterion in simplified form (assuming no signi-

ficant metallurgial changes) is:

P
o 5 max (11) C, (121
where oj max = maximum tensile stress at initiation
14 = relative oxide depth
p = constant, usually about -0.25
Co = material constant

Calculation of 11 is based on the assumption that oxidation follows
parabolic kinetics. Excellent correlation has been found with Nimonic
90, However, some alloys such as Waspaloy show good correlation only

for tests of a given cycle character. This may be expected since the

behavior of the oxides of these alloys are cycle dependent.
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II1. EXPERIMENTAL

A. Material
This investigation was performed on specimens tested for the

(97) The author selected

AGARD Strain Range Partitioning (SRP) Program.
two materials, René 80 (NASA and TRW) and IN 100 (NASA and ONERA). The
material and testing conditions of these specimens appeared to provide a
good basis for sorting out many factors and attending mechanisms
controlling fatigue life. Specimens examined cover a matrix of material
conditions, temperature, inelastic strain characters and cyclic lives.
Several tests were performed on René 80 at the University of Cincinnati
to elucidate perplexing observations. The chemical compositions are

given in Table 1.

B. Specimens and Heat Treatments

Rene 80 (NASA & TRW)

Tubular, hourglass-shaped specimens with threaded ends
were individually cast as solid round bars and machined to the con-
figuration shown in Figure 6. The uncoated specimens were heat treated
as follows:

1218C/2 hours vacuum/argon quench to room temperature

1093C/4 hours vacuum/argon quench to room temperature

1052C/4 hours vacuum, furnace cool in vacuum to 649C within 1
hour, air cool to room temperature (this simulates the
coating cycle)

843C/16 hours vacuum/furnace cool to room temperature.

The coated specimens were prepared with a CODEP B-1 alu-
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minide coating. The alumina precoat was deposited on both the internal
and external surfaces of the specimens by the electrophorsis technique.
A1l other aspects of the coating application process conformed to
General Electric Company Specification No. F50T58-S1. The resulting
coating thickness was approximately 0.05mm. The coated specimens were
given the following heat treatment:

1218C/2 hours vacuum/argon quench to room temperature

1093C/4 hours vacuum/argon quench to room temperature

Coating cycle as per G.E. Specification No. F50758-S1

843C/16 hours vacuum/furnace cool to room temperature.

René 80 (U of C)

Solid, Tongitudinal specimens were cast as solid round
bars and Hot Isosiatica11y Pressed (a procedure believed to heal casting
porosity). The specimens were subsequently machined to the con-
figuration shown in Figure 7. The heat treatment, which should have
been similar to that described above, was accidentally omitted. The

1
resulting microstructure contains only coarse y rather than a duplex

micostructure containing coarse and fine vy . This mistake in heat
treatment is of 1ittle consequence to the analysis of these tests, since
no direct comparisons will be made to other tests.

IN 100 (NASA)

Tubular, hour-glass shaped specimens were dindividually
cast to near final demensions. Approximately 0.2mm thickness of

material was machined from the inside and outside diameters to produce

the finished test section dimensions as shown in Figure 6. No heat
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treatment was applied to the cast specimens.,

IN 100 (ONERA)

Solid longitudinal test specimens were cast and machined
to dimensions shown in Figure 8. All specimens were given the following
vapor phase aluminization heat treatment:

cleaning-wet sandblasting with quartz “module 23"
trichlorethylene vapor scouring
aluminization at 1150C, 3 hours, argon cooling.

C. Mechanical Testing

Rene 80 and IN 100 (NASA)

NASA - Lewis Research Center performed high-temperature,
low-cycle fatigue tests on coated and uncoated René 80 at 1000C and
uncoated IN 100 at 925C. The tests were performed using closed-loop,
servo-hydraulic testing machines and axially 1loaded specimens with
diametral extensometry. The temperatures were achieved by direct
resistance heating of the test specimens. The environment was stili,
laboratory air. Stress versus time and strain versus time signals were
recorded continuously for only a few tests. Stress-strain hysteresis
100ps were recorded continuously throughout each test. Hirschberg has
described the facility in defail in Reference 98.

The fatigue test program involved isothermal strain
cycling to establish the four basic types of creep-fatigue life rela-
tionships defined by the strain range partitioning method. The four
basic types of reversed inelastic strain, Ae

A Ae and

pp* ° € pc? cp

Ae are referred to as PP, PC, CP and CC, respectively. The

cc’
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idealized stress-strain hysteresis loops for these four basic types of
deformation are illustrated in Figure 4. The PP, PC, CP and CC types of
strain range-fatigue life relationships were obtained by conducting High
Rate Strain Cycle (HRSC), Compressive Cyclic Creep Rupture (CCCR),
Tensile Cyclic Creep Rupture (TCCR), and Unbalanced Cyclic Creep Rupture
(UCCR) or Balanced Cyclic Creep Rupture (BCCR) types of tests, respec-
tively. Complex stress-strain cycle tests were also performed. These
tests were designated Verf.

The strain-controlled PP type tests cycles were applied
using either a triangular or sinusoidal strain versus time waveform at a
frequency of 0.5 to 1.0 Hz. 1In analyzing the results of the PP type
tests, it was assumed that the imposed strain rates were high enough to
preclude the occurrence of creep strain, thus producing inelastic
strains that could be classified as plasticity. For the PC, CP and CC
type cycles, the creep strain was imposed by controlling the load on the
specimen at a constant value until the desired creep strain 1imit was
reached, whereupon, the loading direction was reversed and the other
half of the cycle was imposed. If it was desired to impose creep strain
in this portion of the cycle, the load was again held at a constant
value until the desired opposite creep strain limit was attained, or if
plasticity was desired, the specimen was rapidly loaded until the oppo-
site strain limit was reached. The time required for the plasticity
poriton of the cycle was on the order of 0.5 to 2.0 seconds. It should
be noted that the strain rate for strain reversal in the cyclic creep

rupture tests was controlled mechanically. This was done by permitting.
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only a very low flow rate of hydraulic oil to the servo value.

The high-temperature tensile and creep-rupture properties
were also determined for these two materials at the appropriate tem-
peratures.

René 80 (TRW)

TRW Inc. performed high-temperature, Tow-cycle fatigue
tests on coated and uncoated René 80 at 871C and 1000C in an ultrahfgh
vacuum. The test procedure was very similar to that described for the
NASA tests. However, the tests were conducted at 1000C in an ultrahigh
vacuum environment below 10"7 torr and at 871C in a poorer vacuum

6 torr. Stress versus time and strain

environment of approximately 10~
versus time signals were recorded continuously for all tests. Stress-
strain hysteresis loops were recorded periodically throughout each test.

René 80 (U of C)

The author performed high-temperature, low-cycle fatigue
tests on uncoated René 80 at 1000C. The tests were’performed using a
closed-loop, servo-hydraulic testing machine (MTS Model) and axially
loaded specimens with longitudinal extensometry. The temperature was
achieved using an RF induction heating unit (Cycle-Dyne). The water-
cooled induction coil was a five-turn coil with a 0.85 inch inside
diameter. The environment was still, laboratory air. Stress versus
time and strain versus time signals were recorded continuously for all
tests. Stress-strain hysteresis 1loops were recorded periodically
throughout each test.

The tests performed include three tensile cyclic creep
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rupture, TCCR, tests, one strain hold test, one continuous cycling test
and one creep-rupture test in which the load was increased after speci-
fic increments of time. Several interrupted tests were performed by
freezing the specimen (turning off the induction heater) while the spe-
cimen was under load at the point of maximum strain.

The TCCR tests were performed using a relay device
borrowed from NASA-Lewis. This device was modified to employ an RC cir-
cuit to control the rate of load reversals electronically rather than
mechanically. This modification resulted in a significant improvement
in control of the system command signal. The details of the modifica-
tion and an explanation of the test procedure can be found in Appendix
A.

Because the author had more control over the tests done

at U of C than those done at other laboratories these tests played a
very important role in this study. Details of the test control exerted

by the author are noted in Appendix B.

IN 100 (ONERA)

ONERA (Office National d'Etudes et de Recherches
Aerospatiales) performed high—temperature-, low-cycle fatigue tests on
coated IN 100 at 800C, 900C, 1000C and 1100C. The tests were performed
using a closed-loop, servo-hydraulic testing machine (Schenck system)

and axially loaded specimens with longitudinal extensometry. The tem-
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peratures were achieved using an RF induction heating unit (CELES GHF).
The induction coils were of the nonclassical transverse type. The
environment was still laboratory air. Stress versus time, strain versus
time, and stress-strain hysteresis 1loops were recorded continuously
throughout each test. The test program included high-rate continuous
cycling tests, strain-hold tests, stress hold tests, and creep-rupture
tests. Some tests were performed by alternating periods of pure fatigue
with pure creep.

D. Specimen Selection

Specimens were systematically selected to cover a matrix of
material conditions, temperatures, dinelastic strain characters and
cyclic lives. An outline of this matrix can be found in Figure 9. An
attempt was made to choose specimens such that all “high strain" or all
“Tow strain" specimens were subjected to nearly equivalent inelastic
strains. This was done to make comparisons between temperatures, cycle
types, and coated and uncoated conditions more meaningful.

E. Scanning Electron Microscopy (SEM) and Energy Dispersive

Analysis of X-Rays (EDAX)

The guage section was cut from selected specimens normal to
the longitudinal axis (usually about 7.5 mm below the fracture) using a
Bronwill, thin-sectioning machine. The specimens were cooled with a
continuous stream of water during this operation. These gauge sections
were subsequently cleaned in an ultrasonic-acetone bath. After a brief
examination under a low magnification, stereoscopic microscope, they

were mounted upright on aluminum pedestals with a high-conductive,
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silver paste,.

Detailed observation and photographic documentation of the
fracture surface and the guage section surfaces of each selected speci-
men was performed on a Cambridge 600 SEM. Micrographs were usually
taken of the fracture surface with a stage tilt of about 30 to 35
degrees and of the guage section surfaces with a stage tilt of about 60
to 65 degrees. Simi-quantitative chemical analysis of microstructural
constituents was occasionally performed using the EDAX unit attached to
the SEM.

Chronologically the next procedure in the investigation
involved optical microscopy of longitudinal sections of the selected
specimens. However, optical microscopy of mechanically polished speci-
mens yielded some erroneous observations and failed to fesolve par-
ticular damage features. A procedure was developed for electropolishing
these specimens for SEM observation. It should be pointed out that
optical microscopy did yield many valid observations.

After SEM investigation of the fracture and gauge section sur-
faces, these same specimens were glued upright on plexiglass blocks and
sectioned longitudinally along several specimen diameters. Steel wires
were spot wélded opposite to the cut surface. These pieces were mounted
on the cut surface in a two-part, epoxy, cold mount in such a way that
the steel wires were exposed. The surfaces were ground smooth on wet,
600 grit, silicon carbide paper. The exposed surfaces were electropo-
lished in an electrolyte of 45% Butyl Cellosolve (05H1402), 45% Acetic
acid (CH3COOH) and 10% Perchloric acid (HC104) by volume. The electro-
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Tyte temperature was between 5C and 10C. The voltage was increased
until a plateau in the amperage versus voltage curve was achieved.
Polishing times were about 15 seconds. Specimens were broken out of the
epoxy and prepared for SEM in the manner already described.

SEM observations made of specimens prepared in this manner are
regarded with the highest confidence.

F. Optical Microscopy

After SEM examination of the fracture surface and guage sec-
tion surfaces, each selected specimen was cut longitudinally through the
specimen axis along several different diameters as described in the pre-
vious section. These pieces were mounted on the cut surface in degassed
epoxy mounts. Black, alumina particles were mixed in with the epoxy to
give good edge protection. The specimens were mechanically polished and
chemically etched with an electrolyte consisting of 2 gms CuC12, 40 ml
HC1 and 80 mls methanol. Detailed observation and photographic docu-

mentation was performed using a Reichert "Me F" microscope.

G. Transmission Electron Microscopy (TEM)

The specimens tested ét U of C were studied with TEM.
After testing, the guage sections were turned down to 3 mm diameter rods
with a lathe. Transverse slices, approximately 0.5 mm thick, were sec-
tioned from these rods using a Bronwill thin sectioning machine. The
blanks were then ground down to approximately 0.13 mm with 600 grit,
silicon carbide paper. Cooling water was used during both sectioning
and grinding.

The blanks were electro-thinned using a Fischione
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electropolishing unit. The hole in the specimen holder was 1.5 mm in
diameter. A solution of 45% Butyl Cellosolve (C6H1402), 45% Acetic acid
(CH3COOH) and 10% Perchloric acid (HC104) by volume was used as an
electrolyte. The polishing conditions were: 45 volts, 16 to 17
milliamperes, pump speed at 80 and electrolyte temperature at 5C to 10C.
The thinning normally took 7 to 9 minutes. After thinning, the foils
were immediately rinsed with high purity ethanol.

The foils were examined on a JEOL, 200 kV electron
microscope. The scope is equipped with a 30° tilt and 360° azimuthal
rotation stage. After examination, the foils were stored in air in

small vials for further examination.
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IV. RESULTS AND DISCUSSION

A. High-Temperature, Low-Cycle Fatigue Tests

Results given in this section are those presented by the orgi-

nating laboratories (TRW, NASA and ONERA) 1in the AGARD conference

proceedings.(97)

1. Rene 80 Tested in Vacuum at 1000C and 871C (TRW)

The fatigue test results are presented in Table II. Note
that eight CCCR tests were conducted on uncoated material at 1000C
instead of the usual five. Three extra tests (89U-PC-1, 94U-PC-14 and
97U-PC-15) were conducted here because analysis of the data for the
first five tests indicate that drift may have occurred in the zero point
for the 1load and strain control settings, resulting in erroneous
readings. Thus, the values of total, inelastic, and partitioned ine-
lastic strain range for these five tests may be in error,

The fatigue test results from Table II are plotted
against longitudinal strain range in Figures 10 through 13. Each figure
contains three different graphs including a plot and least squares fit
of total strain range versus observed cycles to fajlure, inelastic
strain range versus observed cycles to failure and partitioned inelastic
strain range versus life relationships computed using the interaction
damage rule. Figures 10 and 11 contain the results of tests conducted

at 1000C on uncoated and coated material, respectively, while Figure 12
and 13 contain the results of tests conducted at 871C on uncoated and
coated material, respectively.

For the tests conducted at 1000C, Figures 10 and 11, the
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results indicate that the relative positions of the failure lives for
the four basic types of strain range components (PP, PC, CP and CC)
change little as a result of the presence of the aluminide coating. In
all 1instances, PP deformation resulted in the 1longest cyclic Tlives,
while PC deformation resulted in the shortest cyclic lives by approxima-
tely one order of magnitude below the PP line. The CP and CC lives were
quite close together and fell between the PC and PP lives, ranging from
2/3 to 1/2 order of magnitude below the PP lives.

The results of the tests conducted at 871C, Figures 12
and 13, were consistent with those conducted at 1000C in that the alumi-
nide coating had littie effect on the relative positions of the failure
lives for the four basic types of strain range components. In all
cases, PP deformation resulted in the longest cyclic lives. Unlike the
1000C results, however, the PC and CP 1lives were both comparable,
ranging from 1/2 to 1 order of magnitude below the PP lives. In terms
of total inelastic strain range the CC results were somewhat comparable
to those for the PC and CP, but partitioned inelastic strain range
results indicated that CC had greater cyclic lives than PC and CP by
approximately 1/2 order of magnitude at the higher stain range values.

The results for each of the basic types of deformation
have been plotted separately in Figures 14 through 17 in terms of total
strain range versus observed cycles to failure and partitioned inelastic
strain range versus life relationship computed using the interaction
damage rule. For each of these plots a least squares fit was made of

all of the data. In the original reporting of this data by TRW
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Inc.(97)

, the authors stated that; "These least squares lines suggest
that, for all four types of deformation, there was little difference
between coated and uncoated material at 1000C and 871C and further,
there was littie effect of temperature on the fatigue results." A more
critical analysis of the data reveals that significant differences can
be discerned. For example, PP type deformation resulted in greater
fatigue life for coated than uncoated specimens at low values of ine-
lastic strain range. At high values of inelastic strain, the data tends
to merge. This trend is represented by the broken lines in Figure 14,
There was no consistent difference between the 871C and 1000C data.

The PC data, Figure 15, is indistinguishable in terms of
temperature or the'presence or absence of a coating by any conventional
means of analysis.

The CP data, Figure 16, also appears 1ndistinguishab1e
when plotted as partitioned inelastic strain range versus cycles to
failure. This observation is contingent on the validity of the SRP
method. If the data is plotted in the conventional manner, that is
total inelastic strain range versus cycles to failure, Figure 18, it can
be seen that the uncoated material exhibits greater lives than the
coated material by a factor of 2 or 3 for the specimens tested at 1000C.
The data for 871C tests are indistinguishable in terms of the presence
or absense of a coating and are comparable to the coated, 1000C data.

The CC data, Figure 17, is indistinguishable in terms of
temperature or the presence or absence of a coating by any conventional

means of analysis.
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To summarize these fatigue results more clearly, the
least squares lives shown in Figures 14 through 17 are included in the
composite plot of Figure 19. These results indicate that PP deformation
resulted in the longest cyclic lives. When a time-dependent creep com-
ponent was introduced into the cycle, however, an effect was observed
which was dependent upon which portion of the cycle contained the creep
component. The PC type of deformation, in which creep was introduced in
the compression portion of the cycle, resulted in the shortest cyclic
lives, one order of magnitude below those for PP deformation. The CP
type deformation, in which creep was introduced in the tensile portion
of the cycle, resulted in failure lives slightly higher than those for
PC, i.e. slightly less than an order of magnitude below those for PP.
The CC type deformation resulted in failure lives approximately 1/2 an
order of magnitude below those for PP deformation.

The results for the HRSC tests conducted at a number of
different temperatures on uncoated material in a poorer vacuum
(approximately 10'6 torr) are shown in Figure 20. This figure contains
a plot of total strain range versus observed cycles to failure and a
plot of inelastic strain range versus observed cycles to failure. No
tests were conducted under these conditions at 871C, but the least
squares lines from Figure 12 for the ultrahigh vacuum tests have been
included for comparative purposes. The results for inelastic strain
range indicate a decrease in fatigue 1ife as temperature is reduced. It
has been generally acknowledged that, in the absence of time-dependent

deformation (creep), a material's ductility will be an indication of its



relative fatigue resistance, with a decrease in ductility usually
resulting in a decrease in fatigue life. Ductility results for cast
Rene 80 indicate a decrease with decreasing temperature from 1000C.
Thus, the inelastic strain range results for Rene 80 do reflect the
decrease in fapigue life with decreasing ductility.

2. Rene 80 Tested in Air at 1000C (NASA)

The fatigue test results are presented in Table II,
Examination of the data did not reveal significant differences between
uncoated and coated results. Hence, the PP, PC, CP and CC life rela-
tionships were established for the combined data set. The data and
least squares curve fit are plotted in Figures 21(a) through 21(e). The
assumption that the uncoated and coated data could be considered of the
same population is borne out in Figure 20(f) where it can be seen that
uncoated and coated results are evenly distributed above and below the
central 45 degree perfect agreement line,

To summarize the fatigue results more clearly, the least
squares lines shown in Figures 21(a) through 21{d) are included in the
composite plot of Figure 21(e). These results indicate PP and PC defor-
mation resulted in comparable cyclic lives at intermediate values of
partitioned dinelastic strain range but the PP deformation exhibited
greater lives at lower strain range values. The CP deformation resulted
in cyclic lives approximately 1/2 an order of magnitude:below the PP and
the PC Tives. The CC lives fell between the CP and the PP lives.

It would seem appropriate to cunpare the 1000C-Yacuum

test results (TRW) with the 1000C-Air test results (NASA) for the
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uncoated and coated specimens. This comparison is probably the most
valid inter-laboratory comparison that can be made for the AGARD, SRP
data, because identical specimens and similar test procedures were
reportedly employed.

The results for the HRSC tests are plotted in Figure 22.
The specimens tested in air resulted in cyclic lives which range from
1/2 to 1 order of magnitude below the vacuum tested specimens. This
might be expected since oxidation has been found to enhance crack ini-

(24,30)  (a more 1ikely explanation will be

tiation and propagation.
presented in a subsequent section).

3. IN 100 Tested in Air at 925C (NASA)

The fatigue test results are presented in Table I1I. The
data and least squares curve fit are plotted in Figures 23(a) through
23(e). The few data exhibit little scatter for PC, CP and CC type
deformation. The CC deformation resulted in the longest cyclic lives,
while the PC deformation resulted in the shortest cyclic lives, approxi-
mately an order of magnitude below the CC lives. The PP deformation
resulted in Tlives just short of the CC lives, while the CP lives were
Just short of the PP lives.

4, IN 100 Tested in Air (ONERA)

The fatigue test results are presented in Table II., The
results are plotted in Figures 24(a) through 24(d). It can be seen that
the cyclic lives are comparable for 900C and 1000C.

To summarize the fatigue results more clearly, the least

square lines shown in Figures 24(a) through 24(c) are included in the
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composite plot of Figure 24(d). The PP deformation resulted in the
longest cyclic lives for all values of inelastic strain, while CP defor-
mation resulted in the shortest lives by approximately 1/2 order of
magnitude below the PP lives. The PC and CC lives were between the two.

B. Material Response to Cyclic Stress and Strain

The tests performed at U of C will be frequently referred to
in the following discussion. Although few in number, they represent
well documented data (see Appendix B). Only a few simultaneous
stress-time and strain-time records were available for the NASA tests.

1. Stress-Strain Hysteresis Loops

In a HTLCF test, the hysteresis 1loop represents the
stress and strain coordinates of the test volume with an origin of zero
stress and zero strain representing the undeformed, untested state of
the material. The hysteresis loop represents two categories of infor-
mation simultaneousiy; the 1imposed stress or strain command of the
testing system and the resulting strain or stress response of the test
volume. HTLCF tests are generally performed in strain control which
means that the test system imposes a value of strain on the test volume
which corresponds to an electronic command. The command is repeated
identically, cycle after cycle, including preprogrammed values at which
strain reversals and possibly strain holds will occur. In such a test,
the strain coordinates of the hysteresis 1loop, although representing
instantaneohs values of strain in the test volume are invariant, cycle
after cycle. It is the stress coordinate that is variable in every

cycle and therefore represents true material response which often
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reflects metallurgical changes and damage processes. If the test were
performed in stress control, the stress coordinate of the hysteresis
loop would be invariant, cycle after cycle, and the strain coordinate
would represent the true material response.

The test system command signal génera11y follows a time
basis. Although the hysteresis loop has no time coordinate, it does
reflect the rate of stress or strain imposed by the system. Such beha-
vior is related to the thermal component of plastic deformation.

It is important to know the nature of the test control to
make a meaningful interpretation of stress-strain hysteresis loops.
Since a considerable analysis of stress and strain response will follow,
the control for a typical, SRP test will be reviewed. The stress-strain
hysteresis loop for a TCCR test performed on René 80 in air at 1000C (U
of C) can be seen in Figure 25. The system command was essentially load
control with reversals occuring at strain limits which were preset
symetrically about the origin. Note the hold at a constant 1load.
During this period, the command signal was free from any time basis such
that the hold was as long or as short as required to achieve the posi-
tive strain limit.

The effect of strain rate is also apparent in Figure 25.
Loops 1 through 4 were performed consecutively by increasing the stress
rate (system command) after each cycle to effect a higher strain rate
(material response). Strain-time and stress-time records for this
experiment can be seen in Figure 26, The rate of stress reversal in

loop 4 was 2.44 times as great as in loop 1 and resulted in a maximum
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negative stress 17% greater in absolute value at the negative strain
limit. This is indicative of a significant strain-rate sensitivity for
René 80 at 1000C. The tests performed at NASA and TRW were controlled
in a manner similar to that discussed above, except, the rate of strain
reversals were not as well controlled.

The idealized hysteresis loops for the four basic types
of inelastic strain range were presented in Figure 4, These loops are
considered idealized because they consist of only one SRP component. In
the idealized loops, creep is initiated from an elastically loaded spe-
cimen, This is not practical in a laboratory test because the resulting

creep rate would be too low to achieve a significant strain in a reaso-
nable period of time. Therefore, creep is initiated at a stress greater
than the elastic limit (in tension or compression) such that any creep
component is preceded by a plastic PP component. This behavior is
illustrated in Figure 27 by the hysteresis loops recorded during testing
of René 80 at U of C.

2. Stress-Strain Relationships

There is considerable evidence that HTLCF failure can be
initiated in a variety of ways; by coating cracks, by oxide cracks, by
oxidized carbides at the specimen surface, by cracked grain boundaries
and numerous others. It has been demonstrated that a significant por-
tion of cyclic life is spent in the propagation of a crack-iike entity

(24,80,81) Whether the crack be transgranular

from this initiation site.
or intergranular, the driving force for crack advance is the stress and

strain imposed on the bulk specimen. It is the bulk deformation
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response of the material which governs the nature of the stress and
strain field at the crack tip. Therefore, it is clear that the bulk
material response under cyclic conditions and holding must be
understood.

Stress can be related to inelastic strain in a hysteresis
loop (from the onset of yielding to the maximum stress) by the familiar

Holloman equation:

n
o =Ae 13
o [13]
Where o = true stress
€ o = true plastic strain
n = strain hardening exponent of the cyclically

stable material
A = material constant
The cyclic plastic strain range can also be related to
the maximum stress (positive or negative) for a number of different
tests performed under similar conditions:

7/

. n
o =Ade 0 [14]
where Om = true stress at the positive or negative peak of
the hysteresis loop
Ac p = true plastic strainrange
n = cyclic strain hardening exponent of the

cyclically stable material
Hysteresis, stress-strain values such as maximum stress,
minimum stress, holding stress and various components of the strain

range for the specimens studied in this investigation can be found in
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Table II.

The maximum stress 1is plotted against plastic strain
range for HRSC (PP) tests on René 80 (TRW and NASA) in Figures 28
through 30. (Note: These tests were performed in strain control). The
data follows the expected pattern and:can be represented by the Holloman
equation. There is no indication that the coating affected the cyclic
stress response for these tests. Recall that the HRSC tests on René 80
in vacuum exhibited longer lives for coated than uncoated specimens for
1000C and 871C (Figure 14)., This observation cannot be explained in
terms of the stress response.

In comparing the vacuum tests (TRW) for 1000C and 871C in
Figures 28 and 29 respectively, the expected behavior is observed. That
is, the maximum stress for any equivalent inelastic strainrange is less
for tests at 1000C as seen in Figure 29. This behavior was observed for
the minimum stress as well,

It should be noted that there was no significant dif-
ference between cyclic lives at 871C or 1000C for PP tests and PC tests
as can be seen in Figures 14 and 15 respectively. This may be a result
of two offsetting factors. Since the PP and PC tests at 1000C have a
smaller maximum tensile stress compared to 871C tests of equivalent ine-
lastic strain range, the 1000C test specimens would require a larger
crack to cause failure. Perhaps offsetting this advantage is the fact
that many forms of damage, particularly grain boundary damage, occur
more readily at the higher temperature.

As was mentioned in the previous section, it is
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appropriate to compare the 1000C - vacuum tests (TRW) with the 1000C
-Air test (NASA). A comparison of maximum stress versus dinelastic
strainrange for PP type tests can be seen in Figure 30. The maximum
stress curve for the vacuum tests falls significantly below that for the
air tests. There should be little difference between deformation beha-
vior in air versus vacuum, particularly for coated specimens. This
observation may explain why the specimens tested in air resulted in
cyclic lives from 1/2 to 1 order of magnitude below the vacuum tested
specimens (Figure 22). Experiencing a much lower maximum stress, the
vacuum tested specimens required a much larger crack to cause failure
and therefore more cycles.

Based on correspondence with the originating laboratories
and the evidence presented in Appendix B, it was concluded that the NASA
tests represent the true cyclic stress-strain response for René 80 at
1000C. The cyclic stress-strain response for René 80 tested in vacuum
at 1000C and 871C is too low as reported by TRW Inc. However, the data
within each temperature is self consistent and hence comparisons within
the set of tests performed by TRW Inc. are believed to be valid. No
further quantitative comparisons will be made of these ‘tests with those
performed at NASA.

There are several likely explainations for this lower-
than-expected stress response. It may represent an error in scale fac-
tor which would mean that the tests were performed correctly, but the
stresses were misrepresented, i.e. lower by a constant factor. This

could have happened if the wrong excitation voltage was applied to the
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load transducer. Although less likely, it may also mean that the actual
test temperatures were much higher than the reported values of 1000C and
871C.

The cyclic stress-strain response for continuous cycling
(PP) tests is generally symmetrical about the stress equals zero line if
they were performed in strain contol with strain reversals occurring
symetrically about the strain equals zero line. The maximum and mimimum
stress in the hysteresis response for René 80 tested in air at 1000C
(NASA) and IN 100 tested in air at 925C (NASA) are plotted against ine-
lastic strain range in Figures 31 and 32 respectively. The curves
represent the continuous cycling tests. Also plotted in the figures is
the maximum stress response for the PC tests and the minimum stress
response for the CP tests. Unlike the PP tests in which time-
independent, plastic deformation is reversed by time-indepent, plastic
deformation, the time-independent component of the PC and CP hysteresis
loop is reversing a time-dependent, creep component. As seen in Figure
31, most of the "time-independent" strain reversals for PC and CP tests
fall short of the PP response for equivalent inelastic strain range,
particularly at higher strain ranges. This is not unexpected con-
sidering the strain rate for strain reversals in these tests were con-
siderably lower than the PP tests. Recall the strain-rate sensitivity
of Rene 80 at 1000C as was demonstrated in Figures 25 and 26.

The stress response for strain reversals in the PC and CP
tests on IN 100 at 925C is similar to the PP stress response as seen in

Figure 32.
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3. Strain Rates in Hold-Time Tests

Most of the hold-time tests studied in this investigation
were cyclic creep rupture tests in which a large portion of the inelatic
strain was achieved during a hold at constant load. It is noteworthy
that most life-time prediction methods (i.e. SRP) correlate inelastic
strain with cycles to failure. Since inelastic strain is used as the
measure of damage in each cycle, it seems reasonable to surmize that the
rate at which this inelastic strain js achieved is related to the rate
of damage accumulation in each cycle. Also, the amount of time-
dependent damage, such as oxidation or creep related damage, which may
occur in each cycle depends on the amount of inelastic strain in the
cycle and the rate by which it is achieved.

Consider the TCCR (CP) test, &R-1, performed on uncoated
René 80 at 1000C (U of C). The imposed conditions of this test per-

formed in load control were as follows: = 0,928% and holding

A€ total
load = 4670 Newtons (initial stress = 172 MPa). The resulting inelastic
strain at half life was 0.597%. The hysteresis loop for this test can
be seen in Figure 33. The s;ecimen failed after 130 cycles and 16.56
hrs. Load reversals were achieved at the rate illustrated in Figure
26(1). Segments of the strain-time record for this test can be seen in
Figure 34. Note that the first cycle is essentially equivalent to a
monotonic creep rupture test in which a strain reversal occurs in the
secondary creep regime. Also note that the creep rate increases in suc-

cessive cycles with a smaller secondary creep regime accounting for less

and less of the inelastic strain.
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There are several factors which may contribute to this
increasing creep rate: The first is a microstructural softening which

is due to y~ agglomeration or ripening.(3’38’54)

This phenomenon
generally occurs after the first few cycles at 1000C. Also, a cursory
examination of dislocation substructures (see Figure 90) revealed little
differences between a test specimen which was interrupted early in
cyclic life compared to one interrupted late in cyclic life. It is
concluded that.coarsening contributes 1ittle to the increase in strain
rates observed during cyclic creep rupture tests.

A second possiblity 1is "cyclic creep acceleration".

Considerable study of this phenomena has been done for aluminum at

intermediate homologous temperatures,(99-101)

It has been observed that
the application of a cyclic stress results in a greater creep rate than
would be observed for a monotonic application of the same maximum
stress. No specific reference could be found to document a similar
study on a nickel-base superalloy at high temperature.

As will be discussed in the next section, the principal
mode of damage in HTLCF is the initiation and subsequent propagation of
cracks with a considerable portion of the cycles or time to failure
spent in propagation. A number of cracks may intiate and grow during a
HTLCF test. These cracks may link-up during the course of propagation
and form the crack which is ultimately responsible for failure. Another
possibility is that the most critical crack may have initiated first or

propagated along the most favorably oriented grain boundary. Failure of

a test specimen occurs at a particular combination of crack size and
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maximum stress. If the maximum tensile stress in a test is low, the
crack size required to cause specimen failure will be relatively large.
As seen in Figure 27, the tensile cyclic creep rupture test, Case II,
presently being considered achieves an inelastic strain -equivalent to
the strain hold test and continuous cycling test with a much lower maxi-
mum stress. As will be demonstrated in the next section, this TCCR test
tolerated cracks of considerable depth before failure occurred. It is
concluded that the presence of these cracks is the principal cause of
the increasing strain rate observed in Figure 34. This conclusion is
supported by the evolution of a more compliant, hysteresis stress-strain
response. The hysteresis loops for four different cycles are superim-
posed in Figure 33. The increasing compliance of the specimen is
obvious in the stress reversals. It is the author's opinion that the
increase in specimen compliance also accommodates creep strain during the
hold at constant load. Relating the changing specimen compliance to the
growth of the principal crack is a nontrivial exercise due to the pre-
sence of numerous cracks in the gauge section accomodating longitudinal
strain. Also, as cracks penetrate the specimen, a decreasing cross sec-
tion must bear the load. Therefore, the true stress is increasing and
contributes to the increasing strain rate.

The observation of an accelerating creep rate in the hold
of a tensile cyclic creep rupture test was also made for Rene 80 tested
by NASA and TRW. The strain-time records for two such tests performed
on Rene 80 at 1000C (NASA) can be seen in Figures 35 and 36.

The TCCR (CP) test, Ree 305 was performed on coated Rene
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80 at 1000C (Figure 35). The imposed conditions of this test performed
in load control were as follows: Ac total = 1.022% and stress hold = +
152.9 MPa. The resulting inelastic strain components at half life were:
PP = 0.134% and CP = 0.496%. The specimen reportedly failed after 48,
The TCCR (CP) test, Ree 208 was performed on uncoated
René 80 at 1000C (Figure 36). The imposed conditions of this test per-

formed in load control were as follows: = 1,098% and stress

be total
hold = 172.6 MPa. The resulting inelastic strain components at half
1ife were: PP = 0.218% and CP = 0.480%. The specimen reportedly failed
after 35 cycles and 17.97 hrs,

Note the similarity between Figures 35 and 36 and Figure
34. Recall that the NASA tests were performed in load control with
diametral strain extensometry. It is not clear how cracks normal to the
longitudinal axis accommodate diametral strain, but they apparently do.

Increasing strain rates were also observed in successive
cycles of compression hold tests; i.e. CCCR tests.

Since strain rate increases steadily as cracks a&vance
through the guage section of a specimen, it would seem reasonable to
relate the increase in strain rate to the rate of crack advance and to
the time or cycles to failure. The average strain rate in any cycle is
proportional to the inverse of the hold time for that cycle. Ho1d time
is plotted for test Ree 305 and test Ree 208 against cycle number in
Figures 37 and 38 respectively and against elapsed time in Figures 39

and 40 respectively. As can be seen, hold time is proportional to the

elapsed time which suggests that crack growth is a function of time
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rather than a function of cycle number. Hold time could not be related
to cycle number with an exponential function or a power function.

It should be noted that the quantity (e /hold time)

creep
represents the average strain rate in a cycle. However, as seen in

Figures 34 though 36, the strain does not vary linearly with time. The

most accurate functional representation takes the following form:

s=so+8tm+kt 153

where total strain

™
f

initial strain upon loading

oM

8 ,m, and k = constants
considering the small amount of inelastic strain achieved in the secon-
dary creep regime, the following simplified form of Eq. [15] s

adequate:

e= € 4+ BN [16]

(e-¢ o = B " 0171

where (e - e,) = inelastic strain achieved during the hold.
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The constants g8 and m were determined for the stain-time
records of cycles 6 through 31 for test Ree 208, Agreement with Eq.
[17] was evident in the correlation coefficients which ranged from 0.95
to 1.00. As can be seen in Figure 41, g varies little in successive
cycles and both the cycle-averaged and time-averaged value of g =
0.058. As can be seen in Figure 42, m increases steadily as a function
of cycle number or as a function of time.

In the preceeding discussion it has been shown that the
progression of damage (i.e. crack growth as manifested by an increasing
strain rate during a stress hold) could be related empirically to
elapsed time in a few tests. The information available for the SRP
tests presently being dinvestigated is insufficient to explain these
observations in more fundamental terms. Perhaps the most important
question to be answered is; how m in Eq. [17] is related to cycle number
or elapsed time and in what way does this relationship depend on the
holding load and the total inelastic strain range.

Being able to predict the cyclic stress-strain-time
response of a material is obviously important in predicting the life of
a laboratory test specimen if damage is time dependent (i.e. oxidation
or time dependent crack growth). Expressing the stress-strain-time
relationship for a SRP test in a manner which could be easily incor-
porated into a life prediction methodology is not a simple undertaking.
The strain-time response for a single cycle was accurately represented
by Eq. [17]. The steadily increasing strain rate throughout the course

of the test resulted in a steady increase in the constant m. It would
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be expected that the stress dependency of strain rate be refiected by m,
dm/dt or dm/dN. Note that Eq. [17] with consideration of the changing m
is a phenomenological representation of what 1is believed to be an
increasing specimen compliance and an increasing true stress resulting
from the presence of cracks in the specimen gauge section. Also,
metallurgical changes result in structural softening. A more fundamen-
tal representation of the strain-time response for a single cycle would
include several terms to represent the rate at which each of these phy-
sical processes accommodate strain. Each of these physical processes
may have a unique stress dependency.

In view of the importance of strain rate in cyclic creep
tests, the average strain rate during the stress hold is related to the
holding stress in Figures 43 through 49.

The strain rate data for uncoated Rene/ 80 tested in
vacuum at 1000C (TRW) is plotted in Figure 43. Note the three datum
marked with an asterick, test numbers 26u-PC-8, 23u-PC-6, and 9u-PC-1,
probably represent erroneous strain and/or load readings as already men-
tioned. In general the data follows an often observed relationship of

the form:
e.. =Co 18]
where e = time averaged strain rate during the stress

hold ( epgiq x Nf/tf)

o = holding stress {i.e. initial stress)

€ and n = constants.
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The same trend can be noted for coated Rene 80 tested in
vacuum at 1000C (TRW) as seen in Figure 44, Stain rate is plotted
against holding stress for uncoated and coated René 80 tested in vacuum
at 871C (TRW) in Figures 45 and 46 respectively. The TRW data will not
be closely scrutinized for reasons given in Appendix B.

Strain rate is plotted against holding stress for
uncoated and coated Renéd 80 tested in air at 1000C (NASA) in Figures 47
and 48 respectively and for uncoated IN 100 tested in Air at 925C (NASA)
in Figure 49. The number adjacent to each datum represents the ine-
lastic strain achieved during the hold at constant load. The general
trend for each data set can be described by Eq. [18]. There seems to be
little difference in the stress-strain rate behavior for coated or
uncoated data. It was noted that it is only approximate to express
strain rate in this simplified manner., However, it is encouraging that

this empiricé] correlation does exist.

In Figures 47 and 48 the data which exhibits a very high
strain rate represents tests performed at low holding loads and a reta-
tively small inelastic strain achieved during the hoid. Since the maxi-
mum stress is relatively low, the specimen can tolerate larger cracks.
Such a compliant specimen could accumulate a considerable number of
cycles rather rapidly resulting in a high, calculated, average strain
rate. The strain-time records for two such TCCR (CP) tests performed on
Rene 80 in air at 1000C (NASA) were presented in Figures 35 and 36. In
Figure 35 it can be seen that test Ree 305 has essentially failed in 31

cycles. The failure life reported in the AGARD conference proceedings
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(see Table II) was 35 cycles. In Figure 36 it can be seen that test Ree
208 has essentially failed in 30 cycles. The reported value was 48
cycles.

Also in the early cycles where the strain-time records
resemble a monotonic curve with considerable time spent in the secondary
creep regime, a test in which total inelastic strain is small achieves a
greater portion of the inelastic strain in the more rapid primary creep
regime.

C. Crack Initiation and Propagation

In this section the results of an extensive microscopic
investigation of tested specimens will Dbe presented. SEM and optical
microscopy were found to reveal the physical nature of crack initiation
and propagation quite adequately. TEM was performed on a few select
specimens.

The majority of the specimens examined were of the tubular
hour glass type (NASA and TRW) as shown in Figure 6. Most of the
failures occurred very near the center of the guage section at the loca-
tion of minimum load bearing area. In either direction from the center

the cross sectional area becomes larger and reaches a maximum 7.5 mm

from the center. The maximum area is 12.8% greater than at the center
of the gauge section and the nominal stress is correspondingly 12.8%

less. Due to this gradual change in stress, the entire gauge section
experiences nearly the same stress and strain as does the center. For
this reason, damage observed below the fracture is nearly the same as

that observed at the critical center of the gauge section.
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1. Untested Microstructure

The untested microstructure of René 80 specimens (NASA
and TRW) can be seen in Figures 50 through 52. The originating labora-
tories report an ASTM grain size number of 3, which means that grain
dimensions would be approximately 0.1 to 0.2 mm. However, as can be
seen in Figure 50, grain dimensions on the order of 2 mm could be found,
particularly in the radial direction. Note in Figure 6 that the tube is
only 1.5 mm thick at the center of the gauge section. Consequently,
single grains can easily transverse the specimen wall. Also note the
irregularity of grain boundaries as seen in Figure 50. Such gross irre-
gularities greatly impede grain boundary sliding at high temperatures.
Dendrites which result from microsegregation of elements during solidi-
fication can also be seen.

The nature of grain boundary carbides in Rene’ 80 can be
seen in Figures 51 and 52. Note the discontinuous small carbides and
the intermitent larger carbides. This irregularity in grain boundary
carbide morphology is partly responsible for the good creep resistance
of this alloy. The course y' precipitates can be seen clearly in
Figure 52. The small v ' precipitates, which should have resulted from
the pre-test heat treatment, could not be resolved by SEM. Carbides
approximately the size of the larger Y residing at the grain boun-
daries could be found throughout the matrix (Figure 51).

The microstructure of IN 100 is considerably different
than Rene’ 80 as can be seen in Figure 53. The grain boundary carbides

occur at random intervals and are generally small. The matrix v ' is
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generally small and irregular but large irregular y' can be found
throughout the matrix and at grain boundaries.

Except for small regions near the origin, the majority of
fracture surfaces were interdendritic. These interdendritic regions
reveal 1ittle about the damage process controlling life but represents a
rapid propagation stage. In Figure 54, it can be seen that the periodi-
city of unduiations on the fracture surface are the same as the dendrite
arm spacing.

Micrographs documenting the various forms of damage can
be seen 1in Figures 55 though 88. Most of the figures represent two
tests and are designated A and B. The A-test is generally a high ine-
lastic strain test and the B-test is generally a low inelastic strain
test. The test conditions and failure data are given below each figure.
The last two letters in the identification of each micrograph represents
a particular feature of the specimen: FS = fracture surface, 0S = out-
side surface, IS = inside surface and DS = diametral section made in the
longitudinal direction. The longitudinal axis is in the vertical direc-
tion in each figure.

Uncoated René 80 Tested in Vacuum at 1000C (TRW)

The HRSC (PP) test specimens are shown in ngures 55 and 56. The
low strain test, B, exhibits a relatively large region of slow crack
propagation compared to the high strain test, A. Due to higher tensile
stresses in the high strain test, 191 MPa compared to 117.2 MPa for the
low strain test, a crack can initiate and propagate more rapidly. Also,

the high strain test, having a higher maximum tensile stress, requires a
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much smaller crack to cause specimen separation.

Delineation of grain boundaries is evident on the outside surface
of these specimens. This de1ineation may be a result of two physical
phenomena. It may result from grain boundary carbides "popping out" due
to mechanical incompatibility with the matrix. Such an explaination
should account for a greater or lesser delineation on boundaries with
different orientations with respect to the longitudinal axis. In
micrographs A3 and B3 of Figure 55 and in many figures which will follow
(those representing vacuum tested specimens), it can be seen that the
amount of grain boundary delineation is uniform, showing no perference
for boundaries with a specific orientation. Also, elements found in
greater concentrations at grain boundaries may have higher vapor
pressures than the average for matrix elements. Such is the case with
the element Cr, present in high concentrations in grain boundary car-
bides. Elemental Cr has a vapor pressure ten times greater than elemen-
tal Ni at the testing temperature of 1000C. The relative vapor
pressures of Ni and Cr present in the matrix and in carbides, in Rene
80, may be different. The observations bear greater support for the
second explanation. A more conclusive determination cannot be made with
the evidence available.

Internal damage as revealed in the diametral sections shown in
Figure 56 is generally grain boundary decohesion. The grain boundary
cavity in micrograph Bl appears to have been a casting defect, probably
present before testing. Triple point cracking, as seen in micrograph

A2, is a mode of damage generally associated with hold times and creep.
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The CCCR {PC) test specimens are shown in Figure 57. Damage takes
the form of "thermal etching" and siiding at grain boundaries. Crack
initiation and propagation are intergranular. Note the more extensive
grain boundary sliding with grain extrusions in the low strain specimen.
The low strain test was performed with an initial holding stress of
-78.6 MPa compared to -103.4 MPa for the high strain test. The times-
to-failure were 15.9 hours and 4.9 hours respectively., If grain boun-
dary sliding 1is time dependent, it is reasonble that the low-strain
long-lived specimen would exhibit more extensive grain boundary sliding.
Secondly, the low strain test specimen experienced a lower maximum ten-
sile stress, 176.5 MPa compared to 270.3 MPa for the high strain test
specimen. Therefore, the low strain specimen would require a greater
degree of grain boundary damage to cause separation. Micrograph A3
exhibits a common observation for compression hold tests, that is, grain
boundary sliding without decohesion along the boundary.

The TCCR (CP) test specimens are shown in Figures 58 through 60.
Damage was again found principally at grain boundaries and was evident
on the inside and outside surfaces of the specimens along the "thermally
etched" boundaries. Micrograph B3 exhibits a cross section through a
“thermally etched boundary". In view of the fact that little grain
boundary sliding is observed for the tensile hold tests, it is unlikely
that this material loss could be attributed to mechanically induced loss
of grain boundary carbides. Grain boundary cracks initiate at the sur-
face and propagate along boundaries oriented approximately normal to the

longitudinal axis as can be seen in Figure 59, micrograph 1. Grain
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boundary decohesion also occurs internally as can be seen in Figure 59,
micrographs 2 through 4 and in Figure 60, micrograph 3, particularly on
boundary segments normal to the longitudinal axis. The stereo pair of a
surface initiated crack (Figure 60 and micrographs 2 and 4) illustrates
that cracks propagate along the carbide matrik interface.

Coated Rene 80 Tested in Vacuum at 1000C (TRW)

The CCCR (PC) test specimens are shown in Figure 61. In micrograph
B1, the grain extrusions at grain boundaries are evident even through
the aluminide coating. Note the similarity to the uncoated low strain
specimen shown in Figure 57. Cracks generally initiated in the coating
as seen in micrograph B3, but were also observed to initiate in the
coating substrate as seen in micrograph B-4,

The TCCR (CP) test specimens are shown in Figure 62. Although
cracks initiated in the coating, they appeared to have assumed a grain
boundary pattern. Note particularly micrograph B1,

Uncoated Rene 80 Tested in Vacuum at 871C (TRW)

The HRSC (PP) test specimens are shown in Figure 63. Only a very
moderate amount of grain boundary delijneation was observed compared ¢to
the 1000C-vacuum tested specimens. Initiation likely occurred at trans-
verse segments of grain boundaries as seen in micrograph B2. Also note
the pit 1ike defects at a region away from grain boundaries. These
occur at matrix carbides which intersect the specimen surface. These
pits, 1ike the grain boundary delineation previously discussed, are
likely due to high vapor pressure of carbide forming elements or to

mechanical incompatibility between matrix and carbides. Although not
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common, cracked carbides were occasionally found in the matrix as seen
in micrograph A3.

The CCCR (PC) test specimens are shown in Figures 64 through 66.
Note once again the larger region of slow crack propagation on the frac-
ture surface of the low strain specimen. The majority of specimens exa-
mined were free of gross casting defects. Small casting pores such as
those seen in Figure 65, micrograph 2, had no effect on crack initiation
or propagation. However, in a few specimens, casting defects did play a
role in the cracking process as can be seen in Figdre 66. The rela-
tionship between grain boundary and matrix carbides and the pit-like
surface defects is especially clear in Figure 66, micrograph 4.

The TCCR (CP) test specimens are shown in Figure 67. Crack ini-
tiation and propagation was intergranular,

Coated René 80 Tested in Vacuum at 871C (TRW)

The HRSC (PP) test specimens are shown in Figure 68. As suggested
by the larger region of slow propagation in micrograph Bl and B2, and
the deep crack into the bulk of the specimen, micrograph B3, the low
inelastic strain-low maximum stress test required a larger crack to
cause failure.

Consider the CCCR (PC) test specimen shown in Figure 69 and the

TCCR (CP) test specimens shown in Figure 70. Cracks were initiated in

the aluminide coating.

Uncoated Rene 80 Tested in Air at 1000C (NASA)

The HRSC (PP) test specimens are shown in Figure 71. Again, a

larger region of slow crack propagation was found on the low inelastic
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strain-low maximum stress specimen. Cracks initiated at oxide cracks in
the specimen surface as can be seen in micrograph B3. As these cracks
propagated into the matrix, the newly formed surfaces oxidized. This
oxide, which could have potentially reduced the rate of further environ-
mental attack, was continually cracked by repeated strain reversals pro-
viding a path for easy oxygen penetration. As a result of this process,
many oxide-filled cracks can be found in the gauge section.

The CCCR (PC) test specimens are shown in Figures 72 and 73,
Cracks in the oxide gave rise to cracks in the matrix., Note that these
cracks have assumed parallel arrays of nearly equivalent spacing for a
particular test. Diametral sections of these specimens revealed a v'
depleted zone near the surface as well as around the crack as can be
seen in Figure 73, micrographs 3 and 4, The v ' depleted zone is asso-
ciated with the diffusion of Ti and Al to the surfaces. The fact that
this y' depleted zone has different mechanical properties than the
matrix means that oxidation may affect the rate of crack advance under
specific test conditions. The crack shown in micrograph B4 may be an
arrested crack or a slow moving crack experiencing general oxidation.
The rate of growth of the principal crack may have exceeded the rate of
development of the vy' depleted zone.

The TCCR (CP) test specimens are shown in Figure 74, There is a
considerable difference in the behavior of the oxide compared to the
CCCR tests. The oxide has spalled rather than cracked. Crack ini-
tiation and propagation was intergranular.

The BCCR (CC) test specimens are shown in Figure 75. Note once
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again that the cracks in the oxide have assumed regular parallel arrays.

The behavior of the oxide played an important role in crack ini-
tiation for uncoated specimens tested in air. Consider a test where the
specimen is held in tension (i.e. TCCR test). When the strain limit is
achieved, the cycle is reversed. The compressive strain is accommodated
in the bulk material by plastic deformation. However, the oxide which
has formed during the hold is brittle and can tolerate only small
elastic strains and therefore must spall. On the other hand, during a
compression hold test (CCCR or BCCR), the oxide forms during the relati-
vely long hold and to accommodate the strain on the tension going por-
tion of the cycle, the oxide simply cracks. These oxide cracks give
rise to cracks in the matrix, one of which will ultimately be respon-
sible for failure of the specimen.

It has been observed that the cracks in the oxide assumed a very
regular spacing on the gauge section surfaces. It is possible to relate
the spacing of cracks to the total strain imposed during the test. As
the plot in Figure 89 suggests, there exists a minimum total strain
range below which we would expect an infinite spacing of cracks, that
is, no cracks present in the oxide. The few tests performed with a
total strain range below this minimum (around 0.3%) resulted in cyclic
lives greater by a factor of two or three than would be predicted by
extrapolation of the high strain range data. This possibility for error
should be considered when using high strain-short lived tests to predict

behavior at lower strains and longer lives.
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Coated Rene 80 Tested in Air at 1000C (NASA)

The HRSC test specimens are shown in Figure 76. Note once again
the larger region of slow propagation on the fracture surface of the low
inelastic strain-low maximum stress specimen. The low inelastic strain,
test specimen (micrograph B2) exhibits an intergranular character at the
origin but a transition to transgranular propagation. Initiation
generally occurred at coating cracks.

The.CCCR (PC) test specimens are shown in Figure 77. Cracks ini-
tiated in the coating. Note also the rumpled appearance of the coating.

The TCCR (CP) test specimens are shown in Figure 78. Although
there are numerous coating cracks, the preferred path for crack propaga-
tion is intergranular. Note also the cavity adjacent to a grain boun-
dary carbide in micrograph A3. Such cavities are generally associated
with carbides because their formation is favored by the high resolved
shear stresses which are present there during testing(47).

The BCCR (CC) test specimens are shown in Figure 79. Note once
again that the low inelastic strain-low maximum stress specimen exhibits
a larger region of slow propagation.

Rene 80 Tested in Air at 1000C (U of C)

The TCCR (CP) test specimens are shown in Figures 80 and 81. Each
of the three specimens represented in these two figures were tested
under identical conditions. Test GR-1 (Figure 80) was cycled to
failure, t = 16.6 hours and N = 130. Hence thé damage seen in Figure 80
represents approximately the state of damage (cracking) necessary +to

cause failure under the imposed test conditions. The maximum damage
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logically occurred at the location of failure. Crack initiation and
propagation are intergranular. Most of the intergranular cracks origi-
nated at the surface but were also found internally at grain boundary
segments normal to the tensile axis.

Specimen GR-2 (Figure 81-A) was cycled to t = 3.31 hours and N = 7,
Note that in this early stage of the test, cracks have already initiated
at grain boundaries.

Specimen GR-3 (Figure 81-B) was cycled to t = 7.39 hours N = 27,
Grain boundary cracks were numerous in this specimen and on average
longer than in specimen GR-2. Note also a deeper general oxidation at
the surface and also note that oxidation of the cracked surfaces is
similar to the general oxidation at the specimen surface. Note that the
cracks in Figure 81-B are not longer than those in Figure 81-A, yet the
testing time is 2.2 times longer. These cracks have obviously arrested
because the particular grain boundaries in which they reside deviaté
from a normal-to-the-principal-stress direction. Oxidation also served
to blunt the crack tip. The evidence presented above supports a conten-
tion that cracking is initiated at grain boundaries in René 80 tested at
1000C because they possess poorer mechanical strength than the matrix and
not because of a rapid penetration of an "oxide spike“.(3’38’54)
Considerable oxidation product subsequently accumulates at the crack
because repeated strain reversals continually breaks the potentially
protective oxide. More accurately stated; cracking in HTLCF of Rene 80
occurs at grain boundaries, particularly when hold times are included.

The poorer mechanical strength of grain boundaries for nickel-base
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alloys may be attributed to bxygen poisoning of the boundaries as was
demonstrated by Bricknel and WOodford(]OZ). Given the fact that grain
boundaries have poorer mechanical strength (for whatever reason) and
given the fact that initiation and propagation will occur along
favorably oriented grain boundaries, the important question still
remains; what parameters govern the rate of crack advance down such a
boundary to achieve the critical crack size for failure under the pre-
vailing maximum stress.

These tests serve to point out a possible fallacy in ~ the
interpretation of post mortum specimens.

Consider the strain hold (CP) test specimen shown in Figure 82.
The depth of cracks observed in this specimen tested to failure were
considerably less than that observed for the stress hold test specimen
shown in Figure 80. The hysteresis loops for these two tests can be

seen in Figure 27. Note the higher maximum stress for the strain hold
test.

Uncoated IN 100 Tested in Air at 925C (NASA)

The test specimens are shown in Figures 83 through 86. The general
mode of damage was intergranular initiation and propagation regardless
of cycle type. The behavior of the oxide exhibited a dependency on
cycle type similar to that observed for Rene{ 80. Again, the natural
selection of grain boundaries as a site of crack initiation and propaga-
tion is due to their inferior mechanical strength rather than being a
site of rapid environmental attack.

Consider the TCCR (CP) test specimen shown in Figure 85. Note the
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general depth of cracking in micrograph B2 along boundaries oriented
faVorably to the principal stress direction. Note in micrograph B3, a
crack in the same specimen is very short because the boundary in which
it resides deviates from a favorable stress orientation., Oxidation has
served to blunt the crack tip. If grain boundary penetration was due to
intense localized oxidation of grain boundaries, there is no reason that
this particular crack should be halted. The driving force for crack
advance appears to be the component of stress normal to the crack plane.

Coated IN 100 (ONERA)

Consider the creep rupture test and the pure fatigue test specimen
shown in Figure 87. The origin of failure in the creep rupture tested
specimen could not be indentified. The fracture surface suggests a
microvoid coalescence mechanism. The origin of failure in the pure
fatigue test can be easily identified in micrographs Bl and B2, Crack
initiation and propagation to the critical crack size was transgranular.
Note the differences in the appearance of the gauge section surfaces in
micrographs A3 and B3. The numerous cracks in the coating for the mono-
tonic creep rupture test reflects the greater amount of strain which was
necessarily accommodated by the coating.

Consider the LRSC and BCCR test specimens shown in Figure 88, Note
that an origin could be located on the LRSC test specimen but not on the
BCCR test specimen.

Transmission Electron Microscopy

(Uncoated Rene 80 Tested in Air at 1000C)

A cursory examination of dislocation substructure was performed on
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a few specimens selected from those tested at U of C. The principal
objective was to determine i{if the increasing strain rates observed
during TCCR testing (Figure 34) could be explained in terms of struc-
tural softening. A few representative TEM micrographs are shown in
Figure 90,

The starting microstructure was characterized by examination of
foils taken from the head of a test specimen. This starting microstruc-
ture is shown in micrograph F. As stated in the Experimental section,
it was discovered that the specimens used in this U of C test program
had not been heat treated. Instead of the duplex y' structure which
would have resulted from the intended heat treatment, the coarse v '
structure seen in micrograph F is that which resulted from Hot Isostatic
Pressing.

Micrographs A, B and C represent three TCCR tests performed under
identical conditions (see Table II-13). Micrograph A represents the
substructure in a specimen stopped very early in life, N = 7 and t =
3.31 hours. Micrograph B represents the substructure in a specimen
stopped at an intermediate point in the life, N = 27 and t = 7.39 hours.
Micrograph C represents the substructure in a specimen tested to
failure, N = 130 and t = 16.56 hours. These three micrographs
illustrate a similarity in microstructure and dislocation arrangement
which indicates that the increasing strain rates observed thoughout the
course of TCCR tests connot be attributed to structural softening.

Micrograph D represents the strain hold test GR-4 tested to

failure. Note the similarity in microstructure and dislocation arrange-
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ment compared to the TCCR test to failure, Micrograph C.

Micrograph E represents a grain boundary in the strain hold test
specimen GR-4. There was no evidence of any particular grain boundary
damage mechanism such as cavitation.

D. A Model For High-Temperature Low-Cycle Fatigue

In view of the evidence presented, it is apparent that HTLCF
damage in René 80 and IN 100 takes the form of crack initiation and pro-
pagation. The observation of cracks in a René 80 test specimen (U of C)
stopped very early in cyclic life supports a contention made by previous
investigators that LCF life represents principally a crack propagation
stage. The most consistent observation made of the failed specimens Qas
that there exists a particular combination of maximum tensile stress and
crack size necessary to cause failure (the higher the maximum ftensile
stress, the smaller the crack necessary to cause failure). Considering
the nature of the tests investigated {i.e. TCCR tests in which specimens
were held under a prescribed static load) and the findings that
increasing strain rates during the hold were a function of elapsed time
in such tests, it is surmised that crack growth was a function of time
rather than cycle number. Based on the above stated premises, a metho-
dology for analysis and prediction of fatigue life will be presented.

Several investigators have attempted to describe creep crack

growth in HTLCF. A brief discussion of some of this work can be found

in the Literature Review. One approach was expressed as
fol]ows:(59’70'73’74)

da = AK" [19]

dt -
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where a = crack length
K = stress intensity
A,n = constants

This power law relationship, similar to the Paris equation, represents
data for crack growth in a compact tension specimen under static load.
Crack growth rate, da/dt, is a function‘of crack length, a, because the
greater is the crack length, the greater is the stress and strain inten-
sity at the crack tip and therefore the driving force for crack exten-
sion. In HTLCF testing, the entire bulk of the specimen is experiencing
inelastic strains. Hence, employing a linear elastic fracture mechanics
concept such as stress intensity is not strictly correct. Equation [19]
has been employed from a purely empirical standpoint to describe creep
crack growth quite satisfactorily.

Huang and Pel1oux(66)

studied fully plastic crack growth rates
in Hastelloy-X at 25C and 760C and found da/dN to correlate most satis-
factorily with aAJ. It should be noted that these tests were continuous
cycling tests performed at 0.2 Hz. There is no apparent justification
for applying this approach to the present investigation which involved
long hold times and where crack growth is suspected to have been a func-
tion of time.

Jones and Tete1man(

73) have correlated crack growth, da/dt,
with both net section stress and the apparent stress intensity factor
for 304 stainless steel over the temperature range from 650C to 800C.
Their results indicated that the stress intensity correlation is
strongly dependent on specimen geometry, whereas the net section stress

correlation appeared to be generally valid. The correlation may be

expressed as follows:
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m

da=Ao [20]
dt
where a = crack length
o = net sections stress
A,m = constant

It was shown that time-dependent crack growth rate could be described by
a power function of the net section stress because the net section
stress is proportional to the local (crack tip) stress. The strain rate
in the net section was also shown to be proportional to the local strain
rate. This net section stress expression will be used in the following
development. Considering that net section stress varies as a function

of time in a HTLCF test, Eq. [20] becomes:

da=Ao(t)" [211

t
Consider da/dt for any given cycle in a HTLCF test:

da = crack extension during the cycle

dt = elapsed time during which the crack was extending.

The crack does not extend at all times throughout a given cyclie but only
when the stress is positive. Taking this one step futher, we can sur-
mise that the crack extends only when o(t) > o .. (a threshold stress for
crack extension by the mechanism of creep crack growth) and hence for t
= t{o{t)> o). Creep crack growth in any given cycle of a HTLCF test

may be determined by integration of Eq. [21] between the appropriate

limits.
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a (after cycle) t{ o(t) < o)
da A o (t) - on)dt [22]

a (prior to cycle) ( a(t) > oT)

The principal point of interest in HTLCF testing is to be able
to predict cyclic 1ife or time to failure given the imposed conditions
of the test (i.e., Ac 7, A¢ p? €hold® tholde ---etc.) Depending on
the type of control, stress range, stain range or both, a given test may
accumulate quite a number of cycles after the damage process (cracking)
has ran its course. The number of cycles or time accumulated from this
point to the end of the test can represent a significant fraction of
Nf and/or te sin;e it is wusually reported for specimen separation,
Therefore, a meaningful presentation of a method for the analysis and
prediction of HTLCF life should define Nf and te as the cycle number and
time for which the damage process is completed. This matter may be
somewhat complicated when applying a definition for failure to tests
with different controls. For example: In a total strain control-strain
hold test, actual failure will manifest itself as a marked decay in the
maximum stress. In a total strain control-stress hold test, actual
failure may manifest itself as a very rapid attainment of the inelastic
strain, resulting in very short hold times. Defining an equivalence
between the two requires a judgement.

The physical significance of a definition for failure was
quite adequately demonstrated in the previous section. Failure in a
HTLCF test has occurred when the principal crack exhibits a transition

from slow propagation to rapid crack advance (which was charac-
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teristically interdendritic for the materials and test conditions
studied). The transition may have been marked by specimen separation in
a single cycle if the maximum tensile stress was high or by the obser-
vations described above. The fact that the transition to a rapid propa-
gation stage occurs at a particular combination of crack size and
maximum tensile stress suggests that fracture mechanics considerations
and therefore an "apparent stress intensity factor" defines an operative

failure criterion. Such a criterion may be expressed as follows:

1/2

Kf = S 0 ax (a) [23]

where K¢ = apparent stress intensity factor
S = shape factor, depends primarily on specimen geometry
Omax = maximum tensile stress
a = crack length at the onset of rapid propagation

As was presented in Eq. [22]:

t( o(t)< or)
a/cycle = \A( o(t) - cT)m dt [24]
t( o(t)> UT)

For the nickel-base superalloy René 80, the value for m was found by

inspection to be equal to 2. The crack length for failure of René 80 as

defined above may be expressed as follows:
t( o(t) < GT)

ag = (Nedla/cycle) = Ne A (o(t) - op)? dt [25]
£ o(t) > op)
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Eq. [25] is valid when o (t) does not change much with cycle number. If
o (t) changes significantly with cycle number, the change should be
accounted for. The condition for failure when the mechanism of damage

in HTLCF is creep crack growth may be stated as follows:

Kf =S 9 e [af]1/2 = Constant (261
t(o(t) <O’T) 1/2
Ke =S O nag [N |A (0 (8) - op)? dt [27]
t(o (t) >°'T)

Application of this failure criterion to three tests performed
on uncoated Rene 80 at 1000C in air (U of C) will be demonstrated expli-
citly. The test conditions are described in detail in Table II-13. The
hysteresis loops for these three tests can be seen in Figure 27. Note
particularly the similarities in the imposed test conditions. In each
test the total strain limits were identically 0.93%. The time required
for strain reversal in each leg of the hysteresis 1loops was
approximately 30 seconds in each test. The resulting inelastic strain
range in each test was approximately 0.6%.

Case I, Strain Hold Test

Consider the strain hold test designated GR-4. The hysteresis loop
taken at approximately half life can be seen in Figure 27. Portions of

the stress-time record can be seen in Figure 91. The hold time at the

positive strain limit was 390 seconds. This hold time was the cycle-

averaged hold time for the stress hold test designated GR-1. (This test
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will be considered in Case 1I1). Application of Eq. [27] requires an
appropriate expression for o (t) and a determination of o and Neo

It was determined that o (t) for the strain hold could be expressed
in the classical manner for exponential decay of stress. Note that Eq.
[27] requires an expression for o (t) only for the time during which
o (t) is greater than ¢ T°

In lieu of a direct determination of the threshhold stress for
creep crack growth, the following rationale was used to approximate the
value of T Cyclic life correlates very well with inelastic strain
({.e. Coffin-Manson equation) for a given type and condition of testing.
Inelastic strain, therefore, must correlate with damage (cracking) in
HTLCF. An exponential decay of stress with a corresponding increase in
inelastic strain was observed in Case I. The stress levels off at a
stress of about 151.7 MPa for cyclically stablized René 80 tested under
these conditions. Inelastic strain (damage) is no longer accrued below
this value of stress (approximately the back stress). °r will there-
fore be taken as 151.7 MPa.

The next concern is the determination of Nf. As previously
discussed, failure in HTLCF occurs when the damage process (cracking)
has run its course. This was defined as the transition to a rapid pro-
pagation stage. Since a direct determination of the transition cannot
be made, consider how such a transition would manifest itself in the
cyclic stress response. Stress versus cycle number is plotted for the
strain hold test presently being discussed in Figure 92. The maximum

and minimum stress in each cycle as well as the minimum stress achieved
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during the strain hold are plotted. The presence of cracks in the spe-
cimen was manifested by a reduction in the maximum stress and the
relaxed stress. Metallurgical changes such as structural coarsing were
also partly responsible for this decay in maximum stresses. Without the
necessary basis for making a determination, a judgement must be made. A
rapid change in slope is noted in the maximum stress at a stress of
approximately 207 MPa. The corresponding cycle number is 160. Nf by
definition is therefore 160. Employing the cycle-averaged values of the
maximum tensile stress and the minimum stress in the strain hold, the fol-

lowing expression represents the quantity (o (t)-o‘T) for Case I.
(o (£)-151.7) = 91,50 ¢~ /2% [28]

Now the appropriate substitutions can be made into Eq. [27].

£=390 1/2

Ke = $(207) |A(160) |[91.50 e"%/2%32 gt [29]
t=0

Ke = sAY/2 8.3 x 10° [30]

Case 11, Tensile Cyclic Creep Rupture Test

Consider the stress hold test designated GR-1, The hysteresis loop
taken at approximately half 1ife can be seen in Figure 27. Portions of
the stress-time record can be seen in Figure 93. The hold time varied

in each cycle and was as long as necessary to achieve the positive
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strain 1imit (see Figure 34).

Due to the imposed conditions of the test; o(t) = constant = 172
MPa. The value of ot is again taken as 151.7 MPa. Consequently the
quantity ( o(t)- o;) = constant = 20.3 MPa. The presence of cracks in
this specimen was manifested by the rapid attainment of inelastic strain
as can be seen 1in Figures 34 and 93. Failure was judged to have
occurred at N=130 and t=16.56 hours. Recall that in the development of
Eq. [27], the integral represents the crack growth per cycle. After
mul tiplying by Nf, the resulting expression represents the crack length
at failure. This approach cannot be applied directly to the present
case because the hold time decreases throughout the test. Consequently,
the time for crack growth decreases in each successive cycle. The
integration can be performed for the cycle-averaged hold time in which
case the quantity (total hold time) is substituted for the quantity
(Nf x cycle-averaged hold time). With the appropriate substitutions Eq.
[27] reduces to:

~
n

$(172)[A(51166)(20.3)27'/2 [31]

K. =A% 7.9 x 10° [32]

f

Continuous Cycling Test, Case III

Consider the low rate continuous cycling test, GR-5. The hystere-
sis loop taken at approximately half life can be seen in Figure 27. A
schematic of the stress time record for a few cycles can be seen in
Figure 94, Note that the cycle period was 60 seconds. It is expected

that crack growth was time dependent at such a low rate of cycling.
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Due to the imposed conditions of the test; o (t) approximately fits
an equation of the form o (t) = at + b. The value of o ; is again taken
as 151.7 MPa. Consider the determination of Nf for this test. The
maximum and minimum stress is plotted against cycle number in Figure 95.
Failure will be defined in a manner equivalent to the strain hold test
considered in Case I. Failure occurred when the maximum stress fell to
207 MPa. The corresponding cycle number is 260. With the appropriate

substitutions Eq. [27] becomes:

1/2
t=13.6 £=15.8
K. = $(207) |A(260)] [6/76t1% dt + A(260) | [659-41.7¢1% dt| [33]
=0 =13.6
Ke=saYZ 7.1x 10° . [34]

Considering Cases I through 111, the failure criterion was calcu-
lated to be nearly identical in every case. Once again:
Case I, K. =sAZ 8.3 x10°
Case 11, K. =sA1/2 7.9 x 10°

Case 11I, K. =sa"2 7.1 x10°

f
The general applicability of this failure criterion to tests repre-

senting such varied cycle character strongly suggests that the precepts

on which it was founded are correct.
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Rene 80 Tested in Air at 1000C (NASA)

The model expressed in Eq. [27] was applied to René 80 tests per-
formed by NASA. The value for o ¢ was determined by applying Eq. [27]
to a small group of data and employing an interation technique to
achieve the lowest deviation of Kf. op was found to be 132 MPa. This
value of o was used in Eq. [27] to calculate values of K¢ for many of
the tests performed by NASA. The results are reported in Table III.
Note that these values of Kf are not numerically equivalent to those
Just calculated for the tests performed at U of C. This is due to the
fact that a different specimen geometry and hence a different shape fac-
tor, S', was employed. Furthermore, there is not a numerical equiva-
lence between tests of different cycle types because Eq. [27] was
necessarily applied in approximate form for most of the tests.
Comparisons should be made only within a particular cycle type.

Calculation of Kf for the TCCR tests presented in Table III was
performed in the manner demonstrated in Case II. Note particularly
tests Ree 315 and Ree 305. The calculated values for K¢ are
s'al/2 1,49 x 10 and s'A12 1.44 X 10% respectively. K. was not

calculated for TCCR tests in which the holding stress was below o 132

T*
MPa.

In view of the fact that strain reversals occur at a very high rate
for HRSC and CCCR tests, the time for which o (t) is greater‘than o 5 is
very small, usually less than one second. Consequently, crack growth

under these conditions was more likely to have been cycle dependent than

time dependent. To arrive at a convenient form for the cycle dependent
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crack growth expression, consider the following: The imposed condition

in all of these HTLCF tests was total strain control. Also, in nearly

every case, multiple cracking was observed in the specimen gauge sec-

effective stress intensity factor
elastic modulus

tions. The appropriate expression for the crack driving force
becomes(]03):

2 2

G = [} h = K
e [35]
2t E
where G = Griffith crack driving force
h = specimen guage length
o off = effective stress

In Eq. [35] it can be seen that the effective stress intensity at the
crack tip is proportional to the effective stress. Since cyclic crack

growth under these conditions has been expressed in the form:

da =C (K)" [36]
N

Then it follows that:

n

Expressing the effective stress in a form which incorporates a threshold

stress for cycle dependent crack growth, Eq. (37) becomes:
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"&N"da = Al opax

maximum tensile stress
threshold stress for cycle dependent crack growth

- GT)n [38]

where Omax
o7

Assuming a value of 2 for n, and following the same formulation used for
time dependent crack growth, the failure criterion for the cycle depen-
dent case becomes.

K. =S|A|]/2 (0

max {9 max- “‘T)2 Nf]1/2 [39]

f

Most of the calculations presented in Table III represent application of
Kf' by Eq. [39]. Note the excellent agreement within any cycle type.
The correlation is expressed as the (standard deviation/average value of
Kf') for each cycle type. The possiblity that expressions for time
dependent and cycle dependent crack growth may be similar in form is
interesting since the Coffin-Manson equation, or some modification of
it, generally serves to correlate cyclic life for both time dependent
and cycle dependent fatigue.

It has been shown that, for a particular cycle type and test con-
ditions, there is a good correlation between Ae b and Nf. That is to
say, the Coffin-Manson equation applies. Therefore any mechanistically
based model should represent a form approximate to the Coffin-Manson
equation. Consider the case of the continuous cycling tests performed
on Ren€ 80 in air at 1000C (NASA). (Each datum considered is identified
by an asterisk in Table III). The Coffin-Manson equation representing

the data of interest is:
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A = 4.23 NP

y ¢ [a0]

The coefficient of correlation is 0.96. Since the frequency of cycling
is one hertz, the cycle dependent failure criterion, Eq. [39], will be
employed.

( AzIY2 = k. = 1.085 x 108 [41]

TR

1T

g o)
max max

Note that Eq. [41] is expressed in terms of maximum stress and cycles to
failure. The equivalence between this equation and the Coffin-Manson
equation representing the same data is not directly apparent. Consider
Figure 30 in which the maximum stress is plotted against the inelastic
strain range for this data. The relationship between the maximum stress
and the inelastic strain range may be expressed by the familiar Holloman
equation:
.346

Tmax = 487.6 Az (421

The coefficient of correlation is 0.99. Despite the excellent correla-

tion, this equation is inaccurate at low values of Aep. For example,

when Acp = 0 the calculated value of © ma

The true material behavior exhibits a nonzero maximum stress at A°p =

0 when the specimen is cycled within the elastic limits. By extrapo-

x = 0 according to Eq. YRR

lating the curve in Figure 30 to Aep = 0, the expression relating the
maximum stress in the cycle to inelastic strain can take on greater phy-

sical significance.
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B} 710
9 max = 132 * 4170 as [43]

The coefficient of correlation is 0.99.

Now with Eqs. [42] and [43] the appropriate substitutions can be
made into Eq. [41].
(4876 ac,"**)01417.1 Acp'7‘°)2Nf]‘/2 = 1.085 x 10° [41]

With the appropriate rearrangements Eq. [38] becomes:

= -.47
ACD = 4.87 Nf:

)

[44]

This equation is nearly identical to the Coffin-Manson equation repre-
senting the same data (see Eq. [40]).
IN 100 Tested in Air at 925C (NASA)

The failure criteria expressed in Eqs. [27] and [39] were applied
to the IN 100 tests performed by NASA. The value for Oy was determined
by applying Eq. [39] to a small group of data and employing an iteration
technique to achieve the lowest deviation in K‘f. or was found to be
126 MPa. This value of or was used in Eqs. [27] and [39] to calculate
values of Kf and Kf' which appear in Table IV. The TCCR, BCCR and
Verification tests were evaluated using Eq. [27]. Eq. [39] was used for
the HRSC and CCCR tests since the time for which o (t) was greater than
9 was very short in each cycle.

The same general observations made for the René’80 tests also apply
for these IN 100 tests. There is, however, greater variation in Kf and

K'f for any given cycle type. This may be due to a significant
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environmental interaction. The role of environment in crack growth in
HTLCF was not treated explicitly in the development of Eqs. [27] or
[39].

Consider the HRSC tests identified with an asterisk in Table IV,
The Coffin-Manson equation representing this data is:

- -.55
Bey = 4.24 Nf [45]

The coefficient of correlation is 0.98. With the appropriate substitu-

tions for o .., Eq. [39] becomes:

54

Aep = 4,08 N~ [46]

Once again an equivalence between the Coffin-Manson equation (a phenome-
nological approach) and Eq. [39] a mechanistic approach has been
demonstrated.
It should be noted that this model is in a development stage.
Future work will address:
1) The physical significance of the crack growth expressions,
particularly the physical significance of e
2) The apparent dichotomy in using an expression for crack growth
which is independent of crack length and using a quasi-
fracture mechanics failure criterion which is dependent on
crack length*
3) Application of the model to a variety of available data to

test its general applicability.

*For example, as the crack grows the net section
stress increases and at some point failure occurs
when the net section stress reaches a critical
value.
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SUMMARY AND CONCLUSIONS

In summéfy, the evidence presented in this work indicates that
damage in HTLCF of René 80 and IN 100 in the temperature range from
871C to 1000C is principally initiation and propagation of a crack or
cracks to such a size that failure ensures. Failure was defined as
the time and cycle number at which there is a transition to rapid pro-
pagation (characteristically interdendritic for the materials and test
conditions studied). The transition (failure) occurred at a par-
ticular combination of crack size and maximum stress; the higher the
maximum stress, the smaller was the crack size.

Cracks were generally found to initiate and propagate along grain
boundaries oriented normal to the direction of loading. The driving
force for crack advance was the component of stress normal to the
crack plane. This propagation stage may be time dependent or cycle
dependent in accordance with the cycle character. Hence the cyclic
stress-strain-time response for any given test proved to be valuable.
A model was developed to incorporate these observations into a failure
criterion. In this model the cycles to initiation were not accounted
for. The intention was not to disregard them, but an adequate basis
to account for them was not available. Consider the range of
inelastic strains imposed on the test specimens studied; approximately
0.05% to 2.0%. the attending maximum stress was generally greater
than the time independent flow stress. For most of the test specimens
studied in this regime, the contention that a crack or cracks

initiated very early in cyclic life appeared to be valid. For low
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inelastic strain tests ( ~0.05%) or for those tests where the maximum
stress was relatively low (TCCR or BCCR tests), the cycles to
initiation may have been significant.

Considerable attention was given to modes of crack initiation.
In vacuum it was found that a form of damage existed that was not
readily apparent in air tested specimens. Grain boundary delineation
and pit like defects at the specimen surface were believed to be a
result of the higher vapor pressure of carbide forming elements.
These surface irregularities could potentially aid crack initiation.
However, similarity between cyclic lives for coated and uncoated spe-
cimens precludes a straightforward assessment of this damage.

To give the proper weight to the environmental interaction, con-
sider the following: Crack initiation and propagation generally
occurred at grain boundaries, 1logically because they posess poorer
mechanical strength. This poorer mechancial strength may be attributed
to oxygen or nitrogen embrittlement of these boundaries or simply due to
poorer inherent strength compared to the matrix. Specimens tested in
air were found to have comparable cyclic 1ives for coated and uncoated
specimens. This suggests that the environment did not play a major role
in the initiation event for most of the tests investigated. However,
oxidation can influence the cyclic life provided the inelastic strain
and the maximum stress are low by affecting the cycles to initiation.
It was found that below the critical strain for cracking of the oxide, a
significant improvement in life was noted for uncoated specimens tested

in air. The manner ih which the environment affects the rate of
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propagation of an initiated crack to a critical size could not be
determined quantitatively from the present investigation. There were
observations which indicate that oxidation served to blunt the crack
tip. However, work by previous investigators suggest that propagation
is 1ikely enhanced by the environmental interaction. Oxidation as a
mechanism of penetration of the material to achieve a crack like entity
of a size necessary to cause failure was not observed 1in this
investigation.

The following specific conclusions can be made from this work.

They are applicable to René 80 and IN 100 in the regime of testing
studied.

1.  HTLCF of René 80 and IN 100 represents principally propagation
of a crack to a size necessary to bring about failure under
the prevailing maximum stress.

2. Crack initiation and propagation were generally intergranu-
lar.

3. Those degradation processes which degrade the specimen sur-
face influence crack initiation. They affect life in the
low inelastic strain - low maximum stress regime.

4. Vacuum tested specimens exhibited a form of damage unique to
that anviroment.

5. The principal environmental interaction in air is related to
the effect on crack initiation, particularly in the low ine-

lTastic strain - low maximum stress regime.
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APPENDIX A

The TCCR tests performed at U of C were accomplished with the aid
of a relay device borrowed from NASA Lewis. The tests were preformed
in load control using the 50 kps MTS at U of C. The relay device was
connected to Programmer 2 at location J226 on the 422 Controller as
illustrated in Figure A-1. The rate of load reversals was controlled
by the Resistance-Capacitance circuit also illustrated in Figure A-1,
The holding load was achieved by increasing the Span 2 setting on the
422 Controller. Since these tests have a negative mean stress, it is
necessary to impose a negative Set Point in such a way that (Set Point)
+ (Span 2) equals the holding load and (Set Point) - (Span 2) is less
than the peak negative load required to reverse the cycle. The value
for (Set Point) + (Span 2) should be just below the negative peak. If
it is too Tow, it will effect a greater rate of load reversal since the
command is essentially (%/sec) of (Set Point) + (Span 2). This was
illustrated in Figures 25 and 26 where higher rates of load reversal
were achieved by clocking in a more negative value for the Set Point.
Strain overshoot was noted at the negative strain limit for the high
rate reversals. This was due to the inherent limitations of the relay
device employed. The fastest rate which could be exployed without pro-
ducing a significant strain overshoot was the rate illustrated by loop
4; about 35 seconds (see Figures 25 and 26). NASA reported reversal

times of 1 second using the same device.
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APPENDIX B

As was noted in the text, the stress response reported for the TRW
tests appeared to be erroneous. The most likely explanation was the
possibility of a scale factor error. Another discrepancy was noted in
the flow stress for a number of tests. The stress-strain hysteresis
loops reported by TRW in Report No. TRW ER-7861 for two tests can be
seen in Figure B-1. The testing temperature was 871C for both tests.
There is no plausible explanation for such a difference in stress-
strain response.

Suspicions that the TRW tests were not well controlled were con-
firmed by a cursory examination of strain-time charts. A segment from
two typical tests can be seen in Figure B-2. Note that the total
strain limits are not equivalent in every cycle. Also note that there
is not the steady decrease in the hold times that was observed for the
NASA and U of C tests. This may be due to the shifting strain limits.
There also appears to be considerable "noise" in the strain signal
which could have caused the strain limits to be reached prematurely,
especially where the strain-time curve is "flat" as it is in the early
cycles in the test.

The uncertainties introduced by the poor test control described
above precluded a rigorous analysis of the test data for the TRW tests.
However, all observations of a general nature, such as those described

in the section on microscopic observations are valid.
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TABLE I: CHESICAL composITION - it % (97)

La3 EAT ERIAL Al au [ ] [ Co Cb Cb+Ta cc Cu Te RE te iR ki
? si s Ta T4 \ ] Zr | ¥ 02 [ AleTi

TRE RENE* 80 2.99%0 -— 0.015 0.170 9.730 - —— 13.900 ——- 0. 130 -—- §.11) <0.020 BAL

HASA --=-  <0.050 -— -— 4.870 —— 3.940 0,043 -~ -— ——- —

NASA Ix100 5.450 ——— 0.016 0.170 15.100 —— - 10.300 ——- C - ——- 2.9%60 <0.020 | 144
-~ 0.110 --- _— §.760 0.970 —- 0.088 --- —-—- - ——-

ONERR IR100 5.500 -——— 0.014 0.180 15.000 - - 10. 000 ——- ——— -—— 3.000 - PAL
-— -—- —-— -— §.700 1.000 — 0.060 --- - ~— -—--
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97
Table II-1 (97)
LABORATORY: TRN CREERP~-PATIGUE DATR
MATERIAL: RENER* 80, UECOATED

RATE DATA & STRESSES

. BALE_DATA{UALP-LIEE VYALUES)

SPEC TEST TENP-C FR20  GTRALNCRATE-$/SEC MOLD TINE-SEC  TEN
N1 JO, TYPE _TEM/CONP NZ IEN cone TER_____conp __BAX __
1100-pP-25 HRSC 25725 1.0 00 2.0E 00 2.CE 00 0 0 810.2
99¢-FP-14 HRSC 25725 1.0E 00 1.3E 00 1.3E 00 0 0 628.8
1010-PP-16 HRSC 204,208 1.0z 00 1.5E 00 1.5 00 0 0 668.0
1020-F2-17 HRSC 204,208 1.0E 00 1.52 00 1.5 00 0 0 6748.3
10-rpP-1 HESC 538/538 1.0 00 1.7E 00 1.7E €O 0 0 668.0
24-PP-2 HRSC 538/538 1.0E 00 .1.5F 00 1.5E 00 0 0 568.2
1050-pP-20 HRSC 689/689 1.0E 00 ’1.62 00 1.6E GO ¢ 0 576.4
107U~FP-22 HRSC 689/649 1.0E 00 1.38 00 1.3E 00 0 o 8495.7
1040-PP-19 HRSC 760,760 1.0E 00 1.6E 00 1.6E 00 0 0 536.%
1030-FP-18 NESC 760,760 1.0E 00 1.2 00 1.2E 00 0 0 4248.1
Ta-u-pP-13 HKSC 871/871 1.0 00 2.58 00 2.S5E 00 0 0 521.2
210-rp-8 BRSC 871,871 1.0E 00 1.72 00 1.7E 00 0 0 417.2
410-Fp-10 HRSC 071/871 1.0 00 1.32 00 1.3 00 0 0 350.9
220-rP-9 HRSC 871/87% 1.0E 00 4.82-01 N.OE-O1 0 0 180.7
42u-pPP-11  BRSC 871/871 1.0E 00 5.93-0%1 5.9E-Ct Q Q 162.1
€EU-PE-5 HRSC 1000,1000 1.02 00 2.5E 00 2.5E 00 [ 0 278.6
4u-Pr-3 HRSC 1000,/1000 1.0E 00 1.92 00 1.9r CO 0 0 279.3
1090-2P-28 NARSC 1000,1000 1.0E 00 1.2¢ 00 t.2E 0O 0 0 210.¢
Ju-pP-6 HRSC 1000,1000 1.02 00 1.1E 00 1.1E 00 L) 0 191.0
1080-pP-23 HRSC 1000,1000 1.0E 00 6.902-01!' §.8E-01 0 0 15€.5
Su-pP-4 #esc 1000,1000 1.0 00 5.5p-01 5.5g-01 0 0 92.4
eu-rp-7 BRSC 10001000 1.0E 00 &.92-01 &.9E-01 0 0 17.2
929-PCc-13 cccr 871/871 1.0E-02 - -- 0 97.0 553.7
280-FC-9 CCCR 871,871 1.4E-02 -- - 0 71.0 51%.9
910-2C-12 cCcCCR 871/871 1.7E-02 - - 0 60.0 83e.5
*U-EC-16 CCCcr 871/871 2.6E-03 - -= 0 388.0 3%0.2
290-pPC~-10 cccr 871/871 5.33-02 - - 0 19.0 168.3
100-PC-2 cccr 10001000 5.32-03 - - Q 190.0 478.6
120-FC-& ccer 10001000 8.22-03 -- - 0 280.0 8§90.2
$%u-rPC-11 cccr 1000,1000 1.12-02 - - 0 .0 270.3
9su-pPC-18 cccr 1000,1000 2.0E-02 - - 0 50.0 23e.2
su-pC-1 cccr 1000/1000 3.5e-02 - -— 0 29.0 226.9
97u-pPCc~15 cCcCCR 1000,/1000 2.0E-02 - -- 0 49.0 188.3
230-PC-6 Ccccr 1000,1000 1.6E-01 - -- 0 6.2 176.5
260-PC-8 cccr 1000,1000 1.5E-01 -- - ¢ 6.8 195.9
1120~-CcP~11 TCCR 871,871 1.62-02 - - 68.0 0 204.8
su-Ccr-9 TCCR 8717071 1.22-02 -- -- 83.0 0 216.5
300-Ccp-S TCCRY 871/871 8. 12-02 - - 28.0 0 251.0
3tu-cp-6 TCCR 871/871 3.12-02 - -- 32.0 0 193.1
360-Cp-? TCCR 871/807% 1.6E-02 -- -- 62.3 0 128.2
wu-cr-1 TCCE 1000,1000 6.72-03 - - 150.0 0 201.)3
1110-Ccp-10 TCCR 1000,/1000 2.22-02 - - 8¢€.0 0 128.2
3¢u-cr-0 TCCR 1000,1000 1.7E-02 -- - 59.0 0 98.6
1H€u-Ccp-3 TCCR 1000,/1000 2.22-02 -- -- 86.0 0 120.2

conp

200.4
585.8
§62.6
712.3
735.¢
€15.7
589.6
T
560.2
388.2
510.2
83,7
357.1
156.5
222.0
283.8
268.8
132.8
191.0
137.9

”"n.1
12¢.0
286.1
231.0
1.7
I

29.0
159.3
151.7
103.8
15,2

8.3

72.8

78.¢

8.3
519.2
A3
851.0
802.7
268.9
271.2
226.1
190.0
175.2

SIRESSES (HALI
AMGE

-1 3 SN | ¥ SR

1710.6
1178.2
1331.8
1386.6
1399.6
1183.9
1166.0
980.5
1108, 6
012.3
1031.%
830.9
708.0
337.2
388.1
522.0
588.1
433.3
382.0
2988
176.5
282.0
7%9.8
750.9
633.2
537.8
197.3
637.9
681.9
3713.7
358.8
275.1
2€0.7
255.1
284.2
808.0
690.9
702.0
595.8
397.1
872.5
354.3
278.6
303.%

* s 0 s 0 0 o @

o ¢ 0w e

R )
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Table 11-2(%7)

LABORATOEY: TRE CAREP-FPATIGUE DATA (CONTINUED)
BATERIAL: RENE* 80, UNCOATED
STRAINS & FAILURE DATA

SPEC e STEAIMRANGES (HALE-LIPE VALUES) ¥ __. . e PAILURPE DATA-CICLES ___ _

) TOZAL EL I {4 4 EC cp __€¢ . § )8 ks .14 LE-HRS_
1100-ppP-25 0.979 0.828 0.151 0.151 0.000 0.000 0.000 -- -- -- 1306 J.5¢
s°U-PP-18 0.639 0.568 0.071% 0.071 0.000 0.000 0.000 - -- - 6900 2.2
1G1u-pP-16 0.741 0.667 0.074 0.07% 0.000 0.000 0.000 -~ - - 1678 J2.50
1020-2P-17 0.769 0.69% 0.071 0.071% 0.000 0.000 0.000 -- -- - 2170 J.60
10-2p-1 0.878 0.773 0.101 0.101 0.000 0.000 0.000 -- -- -- 1€ 21 0.60
20-pP-2 0.747 0.654 0.09 0.093 0.000 0.0C0 0.000 -- -- - 195¢ J.59
10 50-pP-20 0.784 0.669 0.1%1 0.115 0.000 0.000 0.000 -- - - 788 0.20
1CTU-PP-22 0.642 0.539 0.103 0.103 0.000 0.000 0.000 -- -- - 8802 1.30
1Chu-pPP-19 0.792 0.€63 0.129 0.129 0.000 0.000 0.000 -~ - - 496 3.10
1030-pP-18 0.604 0.888 0.116 0.116 0.000 0.000 €.000 -- - - 4216 1.20
749-u-pP-13 1,262 0.657 0.605 0.605 0.000 0.000 0.000 - - -- AL} J3.08
21U-pPP-8 0.851 0.529 0.322 0.322 0.000 0.000 0.000 -- - - 6842 J.20
41U-PP-10 0.630 0.451 0.179 0.179 0.000 0.000 0.000 -- - - 1810 J.80
224-ppP-9 0.241 0.215 0.02¢ 0.02¢6 0.000 0.000 0.000 -- -- - 163533 848,30
420-pP-11 0.29%6 0.285 0.051 0.051 0.000 0.000 0.000 - - -- 217620 58.59
Eu-pp-5 1.250 0.363 0.087 0.887 0.000 0.000 0.000 -- -- - 103 0.32
4y-rp-3 0.948 0.378 0.566 0.566 0.000 0.000 0.000 - -- -- 306 J.10
169u-pPP-24 0.576 0.290 0.29%¢ 0.296 0.000 0.000 0.000 - -- - 1240 J.30
Ju-pP-6 0.561 0.265 0.29% 0.296 0.000 0.000 0.000 -~ -- -- 2298 .60
108U-PP-23 0.343 0.208 0.139 0.135 0.000 0.000 0.000 - -~ - 57¢€¢€ 1.50
50-pp-4& 0.277 0.122 0.055 0.0955 0.000 0.C00 0.000 -- - -- €302 1.70
au-pp-7 0.287 0.169 0.078 0.078 0.000 0.000 0.000 - -- -- 22115 5.90
92U-PC-13 1.064 0.510 0.554 0.09% 0.460 0.000C 0.000 .- ~-- -- a1 1.0
28U-pC-9 0.856 0.478 0.37¢ 0.095 0.283 0.000 0.000 - -- -- s 2.3¢
S1U-PC-12 0.659 0.402 0.257 0.040 0.209 0.000 0.000 -- -- - 356 5.9¢C
s8U-PC-16 0.601 0.343 0.258 0.075 0.182 0.000 0.000 - - -- 396 42.5¢C
2%0-pC-10 0.330 0.126 0.208 0.040 0.164 0.000 0.000 - - -- 181€ 7.80
1Gu-pC-2 1.999 0.443 1.556 6.218 1.338 0.000 0.000 -- -- - 13 1.0
12U-prC-4 1.809 0.445 1.368 0.109 1. 255 0.000 0.000 - - - 30 2.30
esu-prc-11 0.579 0.259 0.319 0.0n8 0.271 ©€.000 0.000 - - - 187 §.C
s4u-pCc-14 0.468 0.246 0.218 0.03% ¢c.187 0.000 0.000 - - -- §1is 5.80C
su-pC-1 0.944 0.191 0.753 0.03¢ 0.715 0.000 0.000 -- - -- a3 2.30
$7U-pCc-15 0.222 0.181 0.1 0.022 0.089 0.000 0.000 -- - -- 1978 25.30
23U-pC-6 0.386 0.177 0.209 0.015 0.198 0.000 0.000 - - -- %810 15.30
26U-pC-8 0.409 0.169 0.240 0.023 0.217 0.00C 0.000 - -- - 10 164 13.1C
1120-cp-11' 0.907 0.512 0.385 0.077 0.000 0.308 0.000 - - -- 101 1.3¢
86U-CcpP-9 0.772 0.440 0.332 0.026 Q.000 0.306 0.000 -- - - LY 3.0
3Cu-cp-5 0.736 0.447 0.289 0.035 0.000 0.25M 0.000 - -~ -- 193 1.30
Jtu-ce-6 0.588 0.300 0.208 0.006 0.000 0.202 0.000 - - -- S30 .70
Jéu-cr-7 0.368 0.253 0.111 0.019 0.000 0.09%2 0.000 - - -- 3705 €8.10
180-Cp-1 1.595 0.328 1.267 0.280 0.000 0.907 0.000 -- - -- 12 0.59
111u-cp-10 0.957 0.246 0.711 0.178 0.000 0.533 0.000 - - -~ 78 1.3¢C
3%0-Ccp-8 0.436 0.193 0.243 0.016 0.000 0.227 0.000 - -- -- 527 3.80
16u-cpe-3 0.509 0.211 0.378 0.11% 0.000 0.268 0.000 - -~ -- €01 7.60
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Table 17-3(%7)

CREEP-PATIGUE DATA (CONTIRNUED)

LABORATORYI: TRW
NATERIAL: RENE* 80, OUNCOATED
RATE DATA & STRESSES

__-__n!Il-nlIllnlLl:LIZ!-!lL!EiL ................ SIRESSES(MALE-LIEE_YALUESL JEA ______
SREC______IEST _TESR-C  FREQ _ STRAIN-RATR-X/5IC_ !QLD_IKI!_EES__. TEM____COBP_ _RRNGE __ BRELAXATION CICLIC SERAIR.
17U-cP-§  TCCR 1000/1000 8.5E-02 -- - 22.0 0 80.0 163.8 283.% 0.0 0.0 --
710-Cc-7  Ucce 871,871 8.53-03 | -~ -- 110.0 110.0 351.0 285.5 636.5 0.0 0.0 -
730-cC-8  UCCR  871/871 M.4%-03 3 - -- 110.0 110.0 3887 320.7 6€65.% 0.0 0.0 --
76U-cc-9  UYCcr 871/871 2.62-03 -- - 190.0 190.0 203.0 2a5.8 538.% 0.0 0.0 -
120U-CC-12 OCCR  871/871 7.6%-03 - -- 66.0 66.0 213.0 206.1 &19.1 0.0 0.0 --
790-cC-10 DCCR  871/871 3.3p-03 - -- 150.0 150.0 222.7 18%.7 M&12.% 0.0 0.0 -
1190-CC-11 UCCh 1000/1000 7.4E-03 -= -- 68.0 68.0  106.9 178.5 361.8 9.0 0.0 --
670-CcC-6  bcer 100071000 2.9E-03 -- - 170.0 170.0 80.7 53.8 134.5 0.0 0.0 --
190-cc-3  UccR 1000/1000 2.3p-03 -- - 220.0 220.0 126.9 100.0 228.9 0.0 0.0 --
40U-CC-5  UCCR 1000/1000 8.7E-03 -- - 38.0 76.0 100.7 8.3 169.0 0.0 0.0 --
20U-cc-4  UCCR 1000/1000 3.2E-02 -- - 16.0 16,0 5.5 56.5 182.0 0.0 0.0 --

LABORATORY: TRW
MATERIAL: RENE®* 80, UNCOATED

STRAINS & FAILURE DATR

SPEC _________§I5;1!BA!G]SjBALP LIPE _YALUES) % FALLORE QAI!_;[CL§< _____

xQ JOTAL P 2C cp cc 1] iR} o NP___IF_HRS
tju-cp-& 0.80% 0.16% 0.240 0.030 0.000 0.210 0.000 -- - - 1305 8.60
710-cC-7  1.368 0.805 0.963 0.28% 0.067 0.000 0.655 - - - 28 1.€0
730-CC-8  1.193  0.824 0.76% 0.085 0.06% 0.000 0.600 - - - 35 2.20
76U~CC-9  0.768 0.380 O0.888 0.013  0.03% 0.000 0.800 - -- - 166 17.§0
120u-cc-12 0.622 0.267 0.355 0.07t 0.007 0.000 0.277 - - - 181 6.60
7%0-cCc-10 0.507 0.263 0.248 0.028% 0.010 0.000 0.205 - - - 637 £€3.10
1190-cCc-11 0.973  0.251 0.722 0.07® 0.029 0.000 0.618 - -~ - €9 2.60
67U0-cC-6¢ 0.599 0.093 0.506 0.101 0.025 0.000 0.380 -—- -- -- 257 24. 680
1%0-cC-3  0.457 0.159 0.2% 0.060 0.02% 0.000 0.209% - - - 820 51.00
40U-CcC-5 0.273 0.118 0.155 0.03% 0,008 0.000 0.116 - -- - 4783  152.60

206-cC-4 0.233 0.099 0.13% 0.013 0.007 0.000 0.11% - -~ -- 815% 70.50



Table 11-4(%7)

CREEP-PATIGUE DATA (CONTINUED)

LABORATORY: TRW
MATERIAL: REZNR' 80, COATED
RATE DATA & STRESSES

S11

eeo—e-BATE _DATALHALE-LIPE JALUESL ______ ._________. STRESSES(MALE_LIZE YALUES) nRA ______
SPEC TEST TENP-C PREQ  GIBAIN-PATE-X/SRC NOLD PINE-SEC. TEM con® RANGE  RELAXATION CYCLIC STRAIN
T |+ DO, IIRE__TEN/CONP iz IEX cone TEN ____CORR__ NAX ____UAX __MAX ___TEM __ CONP _ BAFDENING %
77c-pP-11 URSC 871/871 1.0E 00 2.0E 00 2.0F 00 0 0 852.3 ANN1.3 093.6 0.0 0.0 -~
S2c-pp-7  MRSC 871/871 1.0E 00 1.5 00 1.5E 00 0 0 80%.6 3%4.% QOK.0 0.0 0.0 --
51c-pP-6  MRSC 071/871 1.0E 00 ;1.3E 00 1.32 00 0 0 355.1 355.1 710.2 0.0 0.0 -~
Sec-PP-8  WRSC 871/87t 1.0% 00 8.22-01 8.2r-01 0 0 231.0 277.2 508.2 0.0 0.0 -~
S5C-PP-9  NRSC 871/871 1.0E 00 3.82-01 3.8E-01 0 0 112.8 113.1 225.5 0.0 e.n -~
75C-PP-10 BRSC 1000,/1000 1.0E 00 1.92 00 1.9% 00 0 0 285.5 273.7 55%.2 0.0 0.0 -~
85C-PP-3  NRSC 10001000 1.0E 00 S.8E-01 9.82-01 ¢ 0 178.6 177.2 355.8 0.0 0.0 -~
47C-PP-4  XRSC 1000/1000 1.02 00 6.92-01 6.92-01 0 0 128.9 126.2 255.1 0.0 0.0 -~
&9C-PP-5  ERSC 1€00,1000 1.0B 00 4.52-01 &.5£-C1 0 0 116.5 113.1 229%.6 0.0 0.0 -~
43c-PP-1  NRSC 1000,/1000 1.0B 00 3.0E-01 13.02-01 0 0 71.7 7N.6 186.1 0.0 0.0 --
%0c-PC-7  cccr 871/871 S.12-03 -- -- 0 195.0 566.8 233.7 800.5 0.0 0.0 --
59C-PC~% CCCR 871/87t 1.0P-02 -- -- 0 103.0 628.9 210.3 839.1 0.9 0.0 -~
§5C-PC-9  cccr  871/871 1.3E-02 -- - o 60.0 493.6 233.0 726.6 0.0 2.0 -~
61c-pCc-5 ccck  871/871 1.2E-02 -- - 0 8.0 520.1 232.3 752.% 0.0 0.0 --
88C-PC-6 ccCh 8717671 7.8E-03 -— - 0 128.0  326.2 1%3.1 S51°.3 0.0 0.0 -~
5¢c-pC-1  CCCR 1000/1000 1.52-02 -- - 0 65.0 389.2 153.8 502.0 0.0 0.0 --
58c-PC-3  CCCR 1000/1000 1.72-02 -- -~ 0 59.0 297.2 117.2 81Ny 0.0 0.0 -~
9€C-PC-10 cccr 1000/1000 1.32-02 -- - e 77.0  282.7 133.1 W1S5.8 0.9 0.0 -~
S7c-PC-2  ccCh 1000/1000 1.3E2-02 -- - 0 76.0 282.0 106.2 348.2 0.0 0.0 -~
93C-PC-8  CCCE 1000/1000 §4.72-03 -- - e 215.0 304.8 §6.2 371.0 0.0 0.0 -~
$4C-CP-6  TCCE 871/871 S5.4p-03 -- - 190.0 0 358.5 60B.1 966.6 0.0 0.0 -~
115c-CcP-11 TCCR  871/87t1 2.1E-02 -- -- 87.0 0 380.6 &°5.7 836.3 6.0 0.0 -~
€2C-CP-1  TCCR 871/871 1.5E-02 -- - 65.0 0 275.8 505.8 781.2 0.0 0.0 -~
sic-cr-5  TCCR 871/87% 1.0E-02 -- - 85.7 0 195.0 530.% 728.9 0.0 0.0 --
éac-cr-2  1CCR 871/871 1.5E-02 -- -- €6.5 0 280.6 322.0 582.6 0.0 0.0 -~
113C-Ccp-9 TCCR 1000/1000 2.5B-02 -- -- 80.0 0 200.0 330.3 530.3 0.0 0.0 -
66C-CP-&  TCCR 1000/1000 1.8E-02 - -- SE.0 0 171.0 388.7 $515.7 0.0 0.0 --
asc-cp-7  TCCR 1000/1000 8.3E-02 -- -- 120.0 0 185.5 205.% 350.9 0.0 0.0 --
65c-CP-3  TCCR 1000/1000 1.82-02 - - 55.0 0 115.8 293.7 809.5 0.0 0.0 --
e7C-CP-8  ICCR 1000/1000 4.32-02 -- - 23.0 0 128,01 197.2 321.3 0.0 0.0 --
72c-CC-3  UCCR 871/87t% 3.7E-03 -- -- 180.0 180.0  886.1 KCE.8 852.¢ 0.0 0.0 --
€9c-cc-2  uccn 871/871 5.0p-03 -- ~- 100.0 100.0 381,99 317.2 659.1 0.0 0.0 --
78C-CC-%  UCCR $871/871 A.5E-03 -- -- 110.0 110.0  347.5 301.3 688.8 0.0 0.0 -~
80c-cC-5  OccR  871/87% 2.6E-03 -- -- 200.0 200.0 333.0 300.6 633.6 0.0 0.0 --
118C-CC-10 UcCh  871/871 N.9E-03 -- -~ 100.0 100.0  263.84 232.3 W85.7 0.0 0.0 --
68c-cCc-1  UCCR 1000/1000 &.32-03 -- -- 160.0  00.0 208.% 179.3 388.2 0.0 0.0 --
81c-Ccc-€  UCCR 1000/1000 5.68-03 - -- 90.0 90.0 178.6 150.3 326.9 0.0 0.0 --
116C-CcC-8  BCCR 1000/1000 5.1E-03 -- -- 100.0 100.0 195.5 1848.9 384.8 0.0 0.0 --
117¢-cc-¢  uccR 1000/1000 5.22-03 -- -- 130.0 60.0 150.7 Wi.& 302.1 0.0 0.0 --
82c-cc-7  ©ccr 1000/1000 8.0E-03 -- -~ 120.0 120.0 155.2 120.7 275.8 0.0 0.0 --
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LABORATORY:

MATERIAL: RRNR' 80, COATED

Taw

Table 11-5(%7)

CREEP-FPATIGUR DATA (CONTINUED)

STRAINS & PAILURE DATA

SPEC oo STBAINRANGES (HALZ-LITE YALUES) B ______. FAILURE_DAIM-CICLES ____

1 T0TAL EL by | | 4 4 | 45 ce -cc. 1 34 ] .1 4 Ir-nas
T7c-reR-11  t1.011 0.569 0.842 0.842 0.000 0.000 0.000 - -- - 293 .10
52C-pPP-7 0.742 0.512 0.230 0.230 0.000 0.000 0.000 -- -- -~ 1365 0.80
Sic-ppP-6 0.672 0.852 0.220, 0.220 0.000 0.000 0.000 - -- -- 1860 J.50
S54c-rp-8 0.810 0.32% 0.0863 0.086 0.600 0.000 0.000 -~ -- -- 71082 19.80
S5C-pr-9 0.191 0.145 0.04¢ 0.04¢€ 0.000 0.000 0.000 -- -- ~-- 826870 118,50
75C-2P-10 0.961 0.389 0.573 0.573 0.000 0.000 0.000 - -- -~ 23] J3.1C
45c-rP-3 0.4%0 0.247 0.283 0.2483 0.000 0.000 0.000 -- - -- 2188 0.60
N7C-rP-¥ 0.343 0.177 0.166 0.166 0.000 0.000 0.000 - -- -- 9112 2.5¢C
48C-pPP-5 0.225 0.159 0.066 0.066 0.000 0.000 0.000 - - -- 101108 27.20
43C-FP-1 0.152 0.101 0.051 0.051% 0.000 0.000 0.000 -- - -- 206460 55.50
90C-pC-7 1.055 0.510 0.5%5 0.088 0.457 0.000 0.000 -- -- -- L] 2.60
S9C-2C-¥ 1.107 0.535 0.572 0.114 0.4858 0.000 0.000 -- -- - 63 1.8¢C
95C-PC-9 0.835 0.463 0.372 0.033 0.33% 0.000 0.000 -- -~ -- 12€ 2.80
61C~PC-5 0.77% 0.480 0.29% 0.042 0.252 0.000 0.000 -- -- -- 282 §.6C
88C-PC-§ 0.885 0.331 0.15% 0.031 0.123 0.000 0.000 -- - -- 1855 §6.00
56C-pC-1 0.819 0.348 0.87" 0.132 0.33% 0.000 0.000 - -- - 55 1.00
56C-pC-3 0.581 0.288 0.293 0.038 0.255 0.000 0.000 - -- - 280 3.9
96C-PC-10 0.585 0.209 0.29% 0.04% 0.252 0.000 0.000 -- -- -- 262 5.50
57C-pC-2 0.450 0.2#42 0.208 0.019 0.18% 0.000 c.000 -- -- -~ 386 8.20
93C-rC-8 0.824 0.257 0.167 0.025 0.142 0.000 0.000 -- -- -- 691 81.20
s4C-CcP-6 1.145 0.616 0.529 0.09%6 0.000 0.833 0.000 - - -- 29 1.50
115C-Cp-11 0.%07 0.533 0.3% 0.038 0.000 0.340 0.000 -- -- -- 17 1.00
e2C-cp-1 0.995 0.498 0.497 0.080 0.000 0.857 0.000 -- -- -- 150 2.70
83Cc-Cr-5 0.709 0.468 0.285 0.035 ¢.000 0.210 0.000 - -- - 8§55 12,10
64c-cr-2 0.330 0.358 0.132 0.016 0.000 0.116 0.000 -~ - - 1018 23,60
113c-cp-9 1.023 0.368 0. 655 0.168 0.000 0.891 0.000 -- -- - 85 0.50
66C-CP-% 0.966 0.358 0.608 0. 110 0.000 0.&99 0.000 -- -- -- 66 1.00
85c-cp-17 0.568 0.248 0.328 0.078 0.000 0.250 0.000 - -- -~ 138 8.50
65C-CcpP-3 0.603 0.28% 0.31% 0.045 0.000 0.27% 0.000 -~ -- - 251 3.%0
87c-cr-8 0.422 0.223 0.199 0.030 0.000 0.169 0.000 -- ~-- - 950 6.20
72C-CcC-3 1.3717 0.543 0.8 0.125 0.050 0.000 0.659 - -- - 33 2.50
69C-CC-2 1.005 0.820 0.565 0.099 0.05¢% 0.000 0.4827 - - - 108 §.00
78C-CC-4 0.917 0.813 0.50% 0.071 0.085 0.000 0.3a8 -- - - 10¢ €.70
8CC-CC-5 0.02% 0.404 0.420 0.017 0.000 0.013 0.3%0 -= -- -- m 19.60
118C-CCc-10 0.582 0.316 0.266 0.050 0.016 0.000 0.200 -- -- - 5a8 31.7¢
68C-CC-1 1.135 0.269 0.065 0.069 0.060 0.000 0.736 - -- - 17 1.10
81Cc-CC-6 0.790 0,228 0.562 0.085 0.133 0.000 0.3 -- -- - 76 3.00
116C-Ccc-8 0.75% 0.239 0.515 0.031 0.000 0.026 0.458 - - - n 8.20
117c-cc-9  0.555 0.210 0.385 0.069 0.017 0.000 0.259 - -- -- 225 12.00
82c-CC-7 0.845 0.191 0.254 0.015 0.016¢ 0.000 0.223 -- - -- 21 82.30
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Table 11-6(97)
CNEEP-PATIGUE DATA (CONTIBUED)
LABORATORY: NAS)

BATRRIAL: RENESO, OUNCOATED, TESTED INK AIR
RATE DATA & STRESSES

——o~-RATE_DATA (NALP-LIFE_YALVESL STAESSES(IALI-LIZR IMLURSL NPA_______
SPRC TEST TEAP-C PEEQ i[l[;!_!jtl_[[§]§ HoLD.. x[l]_§2§ b4 3] conP RAR _RELAXATION  CYCLIC SIRAIN
__¥Q_______TYPR TEW/CONR____PZ TEN____conp TEN_____conp nx-_--_!u_-_uu ..... TXN____CONP __NARDENING §.
RER20S HRSC 1000/1000 1.CE 00 - - 0 0 820.9 820.9 8st1.0 0.0 0.0 -
JEE215 HRSC 1000/1060 1.0E 00 -—- - 1] 0 370.9 370.9 781.8 0.0 0.0 -
REE206 HRSC 1000,/1000 3.0E 00 - - 0 1] 358.2 358.2 716¢.0 0.0 0.0 -
REE20N NRSC 1000,1000 1.0F 00 ; - - 0 ] 206.2 208.2 R12.% 0.0 0.0 -—
REE200 cccr 1000/1000 6.82-05 - - 1] - 467.1 179.3 686.0 0.0 0.0 --
REE219 ccer 1000,1000 7.02-08 -- ® -~ 0 - 355.¢ 136.0 a91.0 0.0 0.0 -
REE213 cccr 10001000 9.9E-08 - - 0 - 32%.7 179.5 501.2 0.0 0.0 -
REE210 CCCR 1000,/1000 7.6E-03 - - 0 —-— 183.3 119.7 303.0 0.0 0.0 --
REE223 TCCR 1000,/1000 6.8E-05 - - - 0 127.7 #05.7 533.% 0.0 0.0 -
REE208 TCCR 1000/1000 5.42-0% - - - 0 172.6 3818 S518.0 0.0 0.0 -
REE201 TCCR 1000/1000 5.52-08 - - - 0 172.0 276.7 &&8.7 0.0 0.0 -
REEZ21 TCCR 1000/1000 &4.22-03 - - - 0 110.8 250.2 360.6 0.0 0.0 i
KEE220 TCCR 100071000 2.2E-02 - - - 0 89.0 225.6 318.6 0.0 0.0 -
aEE211 BCCR 1000,/1000 1.8E-03 - - - - 208,71 288.1 8E£8.3 0.0 0.0 --
RZE212 BCCR 1000/1000 6.2B-08 - - - - 157.8 135.2 293.0 0.0 0.0 -~
REE217 BCCR 1000,/1000 9.2E-03 - - - - 156.3 112.7 269.9 0.0 0.0 -

STPAINS & FATILURE DATA

seEC ________ __.I.LIJ.A!QLLL*AL-Z Lz vaLues) EAILUBE PATA-CICLES .

5 TOTAL ___ RL______IN _____ rC cp cc n 3 o __RE___IE-ERS_
PEE20S 1.525 0.656 0.869 0.869 0.000 0.000 0.000 - 82 30 82 0.01%
REE21S 1.557 0.578 0.979 0.97% 0.000 0.000 0.000 - 5% 27 55 0.01
REE20S 0.909 0.559 0.831 0.831 0.000 0.000 0.000 - 177 152 202 0.06
REE208 0.810 0.321 0.089 0.089% 0.000 0.000 0.000 - 8890 4890 9228 2.86
REE200 2.612 0.508 2.108 0.222 1.8966 0.000 0.000 - - - 10 80.75
REE219 1.007 0.383 0.624 0.268 0.35¢ 0.000 0.000 - - - (%] 23.53
RER213 0.916 0.391 0.525 0.258 0.267 0.000 0.000 - - - 130 36. 60
REE210 0.339 0.237 0.102 0.031 0.071 0.000 0.000 - - - 3980 185.00
RER223 1.872 0.816 1.056 0.299 0.000 0.757 0.000 - -- - 13 £6.00
BEE208 1.098 0.500 0.699 0.218 0.000 0.880 0.000 - - -— 35 17.97
REE201 0.927 0.350 0.577 0. 195 0.000 0.382 0.000 - - - 70 35.63
RRE221 0.534 0.201 0.253 0.C89 0.000 O.16% 0.000 - - - 816 27.2¢
REE220 0.358 0.245 0.109 6.055 0.000 0.05% 0.000 - - - 1600 19.85
REE211 2.21% 0.381 1.833 0.276 0.000 0.000 1.557 - - - 10 1.56
REE212 0.531 0.228 0.303 0.071% 0.000 0.000 0.232 - - - 191 85.10

REE217 0.461 0.211 0.2%0 0.067 0.000 0.000 0.183 - - -~ 548 16.60
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Table 11-7(%7)
CREEP-PATIGUR DATA (CONTINOED)
LABORATORY: NASA

MATERIAL: RENESO, COATRD, TESTED IN AIR
RATE DATR & STRESSES

——eeeBALE_DPATA{HALE-LIPE YALUES) SERESSES(MALE-LICE VALOESL 3PR _____ __
SPEC TEST TENP-C TREQ  SIAAIN-BATE-X/SEC WOLD TINB-SEC_ TEN Con® RANGE _RBLAXAT[ON CYCLIC STRATN
) TIRE__TEN/GOMP Nz y31] conp TEX Conp __BAX_ ___ BAX___BAX_ . ___TEN ___CONP___BAPDENING 8_
FEE322 NRSC 1000,/1000 3.0E 00 - - 0 0 881.5 881.5 963.0 0.0 9.0 --
REE317 NRSC 1000,/1000 1.0E 00 - - 0 0  39M.6 39%.6 789%.2 0.0 0.0 --
REE310 HRSC 1000/1000 1.0F 00 . - - 0 0 850.% &8).8  $80.8 0.0 0.0 --
REE304 KRSC 1000,/1000 1.0F 00 - - 0 0 375.2 375.2 750.% 0.0 0.0 -
REE306 HRSC 1000/1000 3.0E 00 - - 0 0 298.6 298.€ 597.2 0.0 0.0 --
REE300 ERSC 1000/1000 1.0% 00 - -- 0 0 239.5 23%.5 &7%.0 0.0 0.0 --
xEE323 HRSC 1000,1000 1.0% 00 -- -- 0 0 199.2 198.2 3%6.4 0.0 0.0 --
REE311 HRSC 1000/1000 1.0% 00 - - 0 0 176.2 178.2 356.4 0.0 0.0 --
REE3I12 CCCR 1000,1000 5.0E-08 -— .- 0 --  365.6 178.1 583.1 0.0 0.0 --
REE301 cCCR 1000/1000 2.2B-03 - - 0 --  323.5 172.7 W96.2 0.0 0.0 --
REE30) cccr 1000/1000 3.82-03 -— - 0 -~ 238.1  SN.8 3189 0.0 0.0 -
REZE328 CCCR 100071000 1. 3E-01 - - 0 - 210.1  77.3 287.% 0.0 0.0 --
REEI15 TCCR 1000/1000 9. 1E-08 -- - -- 0 169.1 353.2 522.3 0.0 0.0 --
REZE305 TCCR 1000/1000 1.1E-03 -— - -- 0 152.9 383.9 S02.8 0.0 0.0 --
REEIOE TCCR 1000,1000 1.92-03 - - -- 0 100.0 298.7 398.7 0.0 0.0 --
22E302 TCCR 1000,/1000 1.1E-03 -- - -- 0 $0.3 210.6 300.9 0.0 0.0 -
REEI0Y BCCR 1000/1000 5.4E-04 - - -- -~ 203.1 235.% .480.0 0.0 0.0 --
REEI16 BCCR 1000/1000 §.92-04 - - - -~ 169%.1 165.3 33a.8 0.0 0.0 -
REE313 BCCR 1000/1000 2.€E-03 - - -- --  115.9 136.1 252.0 0.0 0.0 -
REE3 1N BCCR 1000/1000 §.92-02 - - -- - 103.8 119.3 221.7 0.0 0.0 -
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LAEORATORY:

NASA

MATEGIAL: RERESO, COATED, TESTED IR AIR

Table II-8

CRBEP-PATIGUR DATA (CONTINURD)

STRAINS & FAILURE DATA

SPEC STBAINRANGES (HRLF_LIPE VALUESL S _ . _.___ PAILURE PATA-CXCLES ____

N0 I0TAL EL b ¢ | 1 4 4 | 4 ce g 10 39 ) ] | 14 TE-ORS_
RER3Z2 1.917 0.751 1. 166 1.166 0.000 0.000 0.000 -- LR -28 83 3.01
REE31? 1.091 0.615 0.876 0.876 0.000 0.000 0.000 - §9 9 €9 3.02
REE310 1.399 0.687 0.712 0.712 0.000 0.000 0.000 - €S S8 L L] 2.32
REE308 1.101 0.585 0.516 0.51¢ 0.000 0.000 0.000 - 93 $3 93 0.03
REE306 0.69% 0.865 0.231 0.231 0.900 0.000 0.000 - 9 76 650 0.18
REE3CO 0.515 0.385 0.130 0.130 0.000 0.000 0.000 -~ 1666 680 1666 0.8¢
REEI23 0.397 0.309 0.000 0.089 0.000 0.000 0.000 -~ 2228 2228 3820 1.6
REE311 0.32a8 0.27¢ 0.086 0.086 0.000 0.000 0.000 - 6718 6970 15000 N.28
KEE312 2.810 0.424 1.986 0.330 1.656¢ 0.000 0.000 - -- - 2% 13.20
RERIO1 1.007 0.387 0.620 0.228 0.3%92 0.000 0.000 -= -- - 159 20.847
REEIC) 0.387 0.248 0.139 0.063 0.07¢ 0.000 0.000 -- - - 1200 07.25
REE328 0.312 0.224 0.088 0.048 0.0a8 0.000 0.000 - -~ - 1200 §. 10
REE315 1.3€9 0.407 0.962 0.238 0.000 0.72a 0.000 .- - -- " §.25
RER305 1.022 0. 392 6.630 0.134 0.000 O0.89%6 0.000 - -- -- 48 11.58
REE300 0.631 0.311 0.320 0.008 0.000 0.232 0.000 -- - ~-- 832 §3.47
REE302 0.337 0.235 0.102 0.058 0.000 0.08% 0.000 - -- - 3922 §5.088
REE309 2.133 0.343 1.790 0.342 0.000 0.000 1.448 -- - - 1" 5.52
REE316 0.96% 0.261 0.723 0.141% 0.000 0.036 0.546 - -- - 3€ 20.4%
REE313 0.492 0.197 0.295 0.035 0.000 0.000 0.260 - - -- €20 §5.23
REE31M 0.2€6 0.173 0.093 0.011 0.c00 0.000 0.082 - - - 8857 25.92
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Table 11-9(97)

CREEP-PATIGUE DATA (CONTINUED)

LABOFATOFY: RASA
MATEFIAL: IN-100, CAST
RATE DATA & STRESSES

——oee-MATE_DATA(HALP-LIFE VALUES) snz §!§1!LL!’L.?!.!H:“3§L 13 4. W—
SPEC TEST TENR-C FEEQ SIRAIN-EATR-X/SEC ﬂOLQ [[ﬂl-§}c TER conp _RELAXA CYCLIC STRAIN
—bo_______ TYRE TENsCOMP _ HZ . IEX cone EM_____€0 !2-..-!!&!..----!"---!!! _____ I!.__..Qol!!..__ﬂ&!DE!II!Q_L
INN-Z HRSC 925,925 5.0E-01 - -- C 0 736.0 778.0 1510.0 0.0 0.0 --
IKN-32 HESC 925,925 5.0E-Q1 - - 0 0 573.6 €19.2 1192.8 0.0 0.0 --
INN-2 HRSC 925/925 S.0E-C1 -- -- .0 0 4%3.0 520.0 1603.0 0.0 0.9 --
INN-17 HESC $25/925 S5.0E-01 -- hnd 0 0 S88.7 568.1 1112.8 0.0 0.0 -
INN-18 HRSC 925/925 5.0E-01 - ~- 0 0 385.3 800.7 796.0 0.0 0.¢ --
INN-36 HESC 925,925 S5.0E-01. i - 0 0 228.1 220.2 #52.3 0.0 0.0 --
INN-24 HRSC 925,925 5.0E-01 - - 0 0 172.8  172.8  385.8% 0.0 0.0 -
INN-12 BCCR  925/925 1.6E-05 - - - -- 228.2 228.2 A56.0 0.0 0.0 -
INN-16 BCCR  925/925 1.8E-08 - -— -- -- 171.0 171.0 342.0 0.0 0.0 --
INK-83 BCCR 925,925 3.02~03 - - -- - 200.7 20C.7 #)1.% 0.0 0.0 --
INN-99 TCCR 925/925 2.7E-0M - -- -~ 0 322.7 678.3 997.0 0.0 0.0 -
IRN-11 TCCR 925/92% 1.02-04 - - -- 0 169.6 59%%.3 763.9 0.0 0.0 --
INN-9 TCCR 925,925 1.9p-03 -- - -- 0 142.0 360.6 502.€ 0.0 0.0 -
INN-T74 CCCR  925/%25 S5.1L-04 - - 0 - 508.7 281.3 746.0 0.0 0.0 --
INN-13 CCCR 925,925 N.AE-0M - - 0 - 88€.8 180.6 627.8 0.0 0.0 -~
INN-1S CCCR  925/925 7.12-0M - - 0 - 812.3 181.3 553.6 0.0 0.0 -~
INN-T3*s VERF 925,925 2.8E-03 - - 6.0 116.0 $21.5 655.0 127¢€.5 28.6 22).2¢ -~
INN-72%* VERF 925,925 2.82-03 - - 6.0 116.0 366.1  355.% 721.2 51.8 214.5¢ ~--
INN-G4T*e VERF 925,925 2.4E-03 - - 6.0 11€.0 385.8 259.2 6086 86.7 113.9¢ --
INN-759%# VERF 925,925 2.82-03 - - 116.0 6.0 436.% 582.6 1019.0 207.8* 58.1 --
INN-60%* VERF 925,925 2.8E-03 - - 116.0 6.0 375.1 W8€2.6 £37.7 225.4% 20.0 --
INN-6E** VERF 925,925 2.8E-03 - - 116.0 6.0 207.5 352.0 5%%.8 101.3+ 32.¢8 --

* STRESS IS SUM OF THREE RELAXATION PERIODS
*s YERIPICATION TESTS
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LABORATORY: NASA
MATERIAL: IN-100, CAST

Table 11-10¢97)

CPREP-PATIGOR DATA (CONTIRUED)

STRAINS & FAILURE DATA

SPEC STRAINEANGES (MALP-LIFR VALUES) ® ___________ _________ EAILUPE PATA-CYCLES ____

._NO TOTAL L 1 | 4 4 | {™ ce --€¢ RO [ 3 . .1 4 LE-HRS
INN-2 2.170 0.928 1.246 1.246 0.00¢ 0.000 0.000 -- -- - 15 2.01
INN-32 1.351 0.769 0.582 0.582 0.000 0.000 0.000 -- - -- 50 0.33
1RN-3 0.920 0.638 0.282 0.282 0.000 0.000 0.000 -- -- - "% 2.9%
INE-17 1.125 0.708 0.817 0.817 0.000 0.000 0.000 - - et 1€0 0.11
INN-18 0.640 0.500 0. 140 0.140 0.000 0.000 0.000 ~- -~ -~ 300 .17
INE-36 0.332 0.292 0.040 0.080 0.000 0.000 0.000 -- -- - 8015 2.23
INN-24 0.236 0.222 0.01% 0.01% 0.000 0.000 0.000 - -- -- 51261 23. 3¢
INN-12 1.200 0.290 0.919 0.108 0.000 0.000 0.810 -- -- -- 17 301.50
IKN-16 0.650 0.210 0.832 0.039 0.019 0.000 0.374 -- -- - 102 203.37
INN-89 0.402 0.2580 0. 148 0.045 0.000 0.000 0.099 -~ -- -- ane 73.33
IRN-99 2.300 0.683 1.657 0.36% 0.000 1.208 0.000 6 € € 5 6.09
INN-11 0.099 0.885 0.818  0.182 0.000 0.232 0.000 - - -- 69 1€3.92
INK-9 0.818 0.320 0.09% 0.047 0.000 0.087 0.000 - - - 1100 159.32
INN-T4 1.328 0.801 0.643 0.207 0.836¢ 0©.000 0.000 19 20 20 22 12.02
Inm-13 0.577 0.139%9 0.178 0.076 0.102 0.000 0.C00 -- - -- 139 7.1
INN-15 0.8450 0.352 0.098 0.038 0.06% 0.000 0.000 ~-- - -- 332 128. 11
INN-T73%e 1.625 0.823 0.802 0.677 0.107 0.000 0.018 - -~ -- A\l 1.73
INN-T2%# 0.022 0.86% 0.357 0.219 0.105 0.000 0.033 -- - -- " 8.%0
INN-§7*¢ 0.517 0.350 0.127 0.058 0.043 0.000 0.030 - -- -- L}-1 ] 87.11
INN-T5* 1.502 0.657 0. 085 0.72% 0.000 0.099 0.022 - -- - 15 1. 5%
INN- 609e 0.866 0.580 0.326 0.181 0.000 0.132 0.013 -- - - 79 7.97
INN- 66 0.505 0.387 0.118 0.053 0.000 0.048 0.021 -~ -- -- 1800 180.00
*+ VERIFICATION TESTS
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Tabte 11-11%97)

LABORATORY: OMERA CREEP-PATIGUR DATA (CONTINUED)
BATERIAL: IN-100, COATED
BRATE DATA & STRESSES

____RALE_PATA(MALF_LIPR YALURS) ___ cecomemnaoSIRESS RS (BALECLIZE | !!L!HL ] 4 ———
SPEC TEST TENP-C  FREQ STAAIN-RATR-§/SEC ng;g_x;ll_ggg_ ke 4} con? RANGE  _JELAXATIO CYCLIC STRAIN
¥o IYPE __TEN/CONP 8z IEN cogp _TBN____ComR __MAX__.__ [ 3 S T Y SRR !l!---..L—Q!!-_..lli!!!IEE .3
7 RRSC 900,900 5.0 00 - -- 0 0 515.0 513.0 1030.0 0.0 0.0 -
¢ NRSC 900,900 5.0m 00 - - 0 0 N79.5 N879.5 959.0 0.0 0.0 --
1 ARSC 900,900 5.0 00 - - 0 0 885.0 8&35.0 8%0.0 0.0 0.0 --
2 HRSC 900,900 5.0% 00 - - 0 0 811.0 M1.0 822.0 0.0 0.0 --
3 NRSC 900,900 1.0E 01 - - 0 0 376.5 376.5 753.0 0.0 0.0 --
8 HRSC 900,900 1.0% 01 ' - - 0 0 382.5 382.5 605.0 0.0 0.0 --
5 BRSC 900,900 1.0F 01 - - 0 0 308.0 308.0 616.0 0.0 0.0 --
1C HRSC 900,900 1.0E 01 - - 0 0 287.5 287.% 575.0 0.0 0.0 --
L BRSC 900,900 1.0E 0% - - 0 0 308.0 308.0 616.0 0.0 0.0 -
" HRSC 900,900 1.03 01 - - 0 0 287.5 287.5 575.0 0.0 0.0 --
28 HRSC 1000/1000 5.0E 00 - - 0 0 3080.0 308.0 616.0 0.0 0.0 --
58 HRSC 1000/1000 5.0% 00 - - 0 0 278.0 27v.0 588.0 0.0 0.0 --
25 nRsc 1000,/1000 5.0E 00 - - 0 0 280.0 280.0 880.0 0.0 0.0 --
26 ARSC 1000/1000 5.0 00 - - 0 0 205.5 205.5 811.0 0.0 0.0 -
2 cHSC 900,900 3.02-03 WN.5E-02 4.5B-02 - 300.0 512.0 295.0 807.0 0.0 58.0 -6.00
»10 CHSC 900,900 3.0p-03 3.3x-02 3.32-02 - 300.0 820.0 252.0 672.0 c.0 32.5 -5.00
| }) CNSC 900,900 1.7p-02 3.33-02 3.33-02 - 30.0 357.0 268.0 621.0 0.0 31.0 -6.40
k) cusc 1000,1000 2.82-03 S5.2E-02 5.23-02 - 330.0 336.0 205.0 S58t1.0 0.0 76.0 -5.50
ni3 CHSC 1000/1000 3.0E-03 N.0R-02 8.02-02 -- 300.0 336.0 195.0 5£31.0 0.0 53.0 -8.00
3 THSC 900,900 2.82-03 N.2E-02 §.22-02 330.0 - 302.0 #39.0 7%0.0 83.0 0.0 -6.50
1 1] THSC 900,900 3.0p-03 3.32-02 13.32-02 300.0 -~ 207.0 39%.0 6M1.0 27.0 0.0 -%.50
3 THSC 1000,1000 2.8E-03 5.2%-02 5.2p-02 330.0 -— 257.0 326.0 583.0 71.0 0.0 -4.50
n3é THSC 1000,/1000 3.0E-03 3.0E-02 3.0E-02 300.0 - 185.0 288.0 833.0 ".0 0.0 -9.00
w37 TNSC 1000,1000 3.02-03 2.2m-02 2.2B-02 300.0 - 135.0 212.0 387.0 26.0 0.0 -3.00
L L] TCCR 900,900 2.82-03 -- -~ 330.0 - 342,86 382,84 69400 0.0 0.0 -
4s TCCR 1000/1000 2.8E-03 - - 330.0 - 171.0 171.0 382.0 0.0 0.0 --
58 BCCR 900,900 2.82-03 - - 165.0 165.0 382.8 382,84 60N.8 0.0 0.0 --
LH] BCCR 900,900 1.4E-02 - - 20.0 20.0 81€.0 816.0 032.0 0.0 0.0 -
| ] BCCR  %00,900 2.62-03 - - 180.0 180.0 312.0 312.0 624.0 0.0 0.0 --
11 sccr 900,900 1.72-02 -- - 15.0 15.0 382.8 342.% 680 .0 8.0 0.0 -~
51 BCCR 1000/1000 5.5B-0% -~ - $70.0 870.0 188.0 188.0 376.0 0.0 2.0 -
55 »Cccr 1000,1000 2.82-03 -- - 165.0 165.0 171.0 171.0 382.0 0.0 0.0 --
n32 BCCR 1000/1000 2.62-02 -- - 180.0 180.0 171.0 171.0 382.0 0.0 0.0 -
57 scce 1000,1000 1.7E2-02 -- - 15.0 15.0 171.0 171.0 382.0 0.0 0.0 --
n3is SCCR 1000,/1000 2.62-03 - - 160.0 180.0 158.0 158.0 308.0 0.0 0.0 --
LEL} Bccr 10001000 1.42-02 - - 20.0 20.0 158.0 158.0 308.0 0.0 0.0 --
40 LRSC 900,900 3.32-02 -- -- -- - 811.0 &811.0 822.0 0.0 0.0 -
26 LRSC 900,900 3.32-02 &4.5E-02 8.52-02 - - 826.0 813.0 885.0 0.0 0.0 -1.70
82 LRSC 900,900 3.32-02 -- - -- - 382.8  342.8 6GEN.8 0.0 0.0 --
L} ] LRSC 900,900 3.3p-02 -- - - - 278.0 2I8.0 588.0 0.0 0.0 -
33 LRSC 1000,1000 3.32-02 A.5R-02 A&.52-02 -- - 295.0 295.0 590.0 0.0 0.0 -1.50
27 LRSC 1000,1000 3.3£-02 3.03-02 3.02-02 -~ - 233.0 219.0 451.0 0.0 0.0 -3.00
k1] LRSC 1000,1000 3.32-02 2.08-02 2.02-02 - - 175.0 169.0 3MA.0 0.0 0.0 -8.00
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LABORATORY:

OBERA
MATERIAL: IN-100, COATED

Table 11-12(%7)

CREEP-PATIGUE DATA (CONTINUED).

STRAINS & FAILURE DATA

SPEC - __STRAINRANGES (BALP-LIPE_YALUESY % . ___ FALLUREZ DATA-CICLES ____

N2 TOTAL EL I _____ PC cp cc K | ] _NF___Ir-mRS_
7 0.771 0.683 0.129 0.129 0.000 0.000 0.000 - -- -- €35 0.08
s 0.720 0.600 0.121 0.12% 0.000 0.000 0.000 - -- -- 900 0.05
1 0.69% 0.556 0.138 0.138 0.000 0.000 0.000 -- -- -- 1260 0.07
2 0.600 0.513 0.086 0.086 0.000 0.000 0.000 -- -- - 2120 0.12
3 0.530 0.470 0.05% 0.05% 0.000 0.000 0.000 - -- -- 3670 0.10
¥ 0.478 0.428 0.054 0.050 0.000 0.000 0.000 - -- -- 111 0.2¢
5 0.816 0.385 0.031 0.03% 0.000 0.000 0.000 -- -- -- 12219 0.38
10 0.385 0.359 0.026 0.026 0.000 0.600 0.000 -- .- -- 17380 0.48
(] 0.%13 0.385 0.028 0.0290 0.000 0.000 0.000 -- -- -- 27260 0.76
1 0.372 0.359 0.018 0.01%  0.000 0.000 0.000 -- -- -- 88329 1.38
24 0.571  0.81% 0.152 0.152 0.000 0.000 0.000 - -- -~ 520 0.03
56 C.868 0.372 0.095 0.095 0.000 0.000 0.000 - -- -- 1520 0.0@
s 0.371  0.326 0.045 0.085 0.000 0.000 0.000 -- -- - 5850 0.30
26 0.297 0.279 0.018 0.018 0.000 0.000 0.000 - -- -~ 28380 1.35
"2 0.700 0.508 0.1% 0.055 0.098 0.C00 0.081 -— 235 187 250 23.00
no 0.525 0.420 (.105 0.010 0.025 0.000 0.070 - e 738 763 7¢.00
ne 0.49%0 0.388 0.102 0.011 0.020 0.000 0.07% - 10 ses 113! 15,70
37 0.785 0.3%5 0.350 0.200 0.085 0.0600 0.105 - -- - 107 10.70
"3 0.61€ 0.36% 0.255 0.077 0.107 0.000 0.072 - 253 238 260 28,60
3¢ 0.682 0.462 0.180 0.05 0.000 0.045 0.079 - 190 194 232 23.90
ns 0.480 0.800 0.080 0.008 C.000 0.010 0.062 - - 1110 1895  137.00
3¢ 0.788 0.396 ©0.392 0.210 0.000 O0.0C82 0.100 -- 57 '] 63 6.40
n3¢ O.A7& 0.29% 0.180 0.054 0.000 0.03¢ 0.008 - 172 198 243 22.30
¥37 0.332 0.236 0.09% ©C.050 0.021 0.000 0.025 -- 500 560 870 80.00
] 0.5786 0.428 0.150 0.038 0.000 0.030 0.086 - -- -- 18 11.60
45 0.378 0.232 0.186 0.02% 0.000 0.022 0.100 - -- 100 m .10
58 0.66 0.420 0.256 0.0%90 0.000 0.000 0.168 -- -- 138 15¢ 15.90
"5 0.715 0.520 0.205 0.085 0.000 0.000 0.1€0 - -~ -- 200 3.09
1 13 0.555 0.390 0.165 0.032 0.000 0.000 0.133 -- -- 268 rX1] 29.80
- 0.592 0.828 0.168 0.058  0.000 0.000 0.110 - -- 300 338 5.60
51 0.776 0.256 0.520 0.110 0.000 0.000 0.810 - -- 17 2 12,00
5 0.408 0.233 0.175  0.048 0.000 0.000 0.131 -- -- 225 263 2.63
n32 0.806 0.23% 0.172 0.03¢ 0.000 0.000 0.136 -- - 50% 568 €1.50
$7 0.388  0.233  0.111  0.023 0.000 0.000 0.088 - -- 720 800 13.30
%35 0.325 0.210 0.138 0.017 0.000 0.000 0.121 - -- 790 58  103.4%0
151} 0.279 0.210 0.078 0.011 0.000 0.000 0.067 - -~ 3080 3109 60.80
€0 0.688 0.51% 0.178 0.106 0.000 0.000 0.068 - -- 290 298 2.50
20 0.688 0.528 0.15 0.066 0.000 0.000 0.0%0 - 280 270 309 2.50
82 0.510 0.%28 0.082 0.02% 0.000 0.000 0.053 -- -- -- 1130 .40
1] 0.308 0.3%2 0.0842 0.00% 0.000 0.000 0.033 -~ -- -- 2018 33.85
33 0.700 0.800 0.300 0.225 0.000 0.000 0.075 - 269 255 275 2.30
27 0.487 0.307 0.180 0.070 0.000 0.000 0.070 - -- - 850 7.10
34 0.30¢ 0.238 0.066 0.013 0.000 0.000 0.053 - 2290 2220 2529 21.00
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Test Type

TCCR

TCCR

TCCR

TABLE II - 13
UNCOATED RENf 80 TESTED IN AIR AT 1000C (U of C)
(%] [2] fMPal [MPal [MpPa] [sec] [hours]

Holding Maximum Minimum
Specimen # € € . Stress Stress Stress Hold Time N t
T in f f
GR-1 0.927 0.597 172.0 172.0 299.0 varied 130  16.56
GR-2 0.927 0.597 172.0 172.0 299.0 varied interrupted at:

N=7 t= 3.3

GR-3 0.927 0.597 172.0 172.0 299.0 varied interrupted at:
N"27 t=7o39

Strain Hold GR-4 0.927 0.671 - 243.4 297.3 390 160 17.33
Continuous
Cycling GR-5 0.927 0.561 - 243.4 252.5 - 260 4.33
Spectrum [MPal [hours] T[hours] [%] [%] [5/hour]
Creep-Rupture GR-6 Stress t te €, Eg ‘

89.0 0 5  0.0658 0.1152 9.88 x 1073

110.4 5 10 0.1341 0.2098 1.51 x 10-2

129.3 10 20,08 0.2304 0.3538 1.22 x 1072

172.4 20.08 25.08 0.4196 1.1313 1.42 x 107!



TABLE III

Failure Criterion for Rene' 80 Tested in Air at 1000C {NASA)
MPa
Max imum 172
Specimen # Stress Nf K'f/S'A'
Ree 205 420.9 | 42 0.79 x 102 5
Uncoated | Ree 215 370.9 55 0.66 x 106 x = 1,02 x 105
HRSC Ree 206* 358.2 202 1.15 x 106 s = 3,66 x 10
Ree 204* 206.2 9226 1.47 x 10 s/x = 0.36
Ree 322 481.5 | 43 1.10 x 102
Ree 317* 394.6 69 0.86 x 106 6
Ree 310%* 440.4 85 1.25 x 106 x = 1.03 x 105
Coated Ree 304%* 375.2 93 0.88 x 106 s =174 x 10
HRSC Ree 306* 298.6 650 1.27 x 106 s/x = 0.17
Ree 300* 239.5 1666 1.05 x 106
Ree 323* 198.2 3820 0.81 x 106
Ree 311* 178.2 15000 1.01 x 10
Ree 200 467.1 |10 4.83 x 102 5
Uncoated | Ree 219 355.0 63 6.06 x 105 X = 5.64 x 104
CCCR Ree 213 321.7 130 6.66 x 105 s = 8,70 x 10
Ree 210 183.3 3980 5.01 x 10 s/x = 0.15
Ree 312 365.6 24 4.18 x 102 e c1udingRee3%2
Coated Ree 310 323.5 159 7.81 x 105 X = 7.75 x 104
CCCR Ree 303 234 .1 1200 8.28 x 105 s = 5,68 x 10
Ree 328 210.1 1900 7.15 x 10 s/x = 0,07
1/2
tf Kf/SA
Uncoated | Ree 208 172.6 | 17.97 | 3.0 x 102
TCCR Ree 201 172.0 35.63 14,1 x 10
Coated Ree 315 169.1 5.62 | 1.49 x 102
TCCR Ree 305 152.9 20.44 11.44 x 10
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TABLE IV

Failure Criterion for IN100 Tested in Air at 925C {NASA)

T Wra
Maximum 1/2
Specimen # Stress Ne K'f/S'A'
INN - 2 736.0 |15 1.74 x 102
INN - 32 573.6 50 1.82 x 106 exc1udingINN-%7
Uncoated | INN - 3 483.0 | 96 1.69 x 100 | x = 1.70 x 107
HRSC INN - 17 548.7 | 160 2.93 x 10° 1's = 1.56 x 10
INN - 18 385.3 | 300 1.73 x 102 | s/x = 0.09
INN - 36 224.1 | 4015 |1.39 x 102
INN - 24 172.4 | 51261 {1.81 x 10
Uncoated | INN - 74 504.7 | 22 8.96 x 102 x = 1.71 x 102
CCCR INN -13 486.8 | 139 2.07 x 102 |'s = 7.02 x 10
INN - 15 412.3 | 332 2.15 x 10° | s/x = 0.41
[ hours]
1/2
Uncoated | INN - 99 | 322.7 6.09] 1.57 x 102 x = 9.35 x 102
TCCR INN - 11 169.6 | 163.92 | 9.47 x 10, |s = 6.42 x 10
INN - 9 142.0 159.32 | 2.87 x 10 s/Xx = 0,69
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material defects,
manufacturing or
assembly flaws,

design defects

fatigue

excessive
creep

stress
rupture

Figure 1. Causes of engine fai]ure(l)
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principal component

of inelastic strain range Temp Uncoated Coated
high strain high strain
1000C
low strain Tow strain
A
© pp
= high strain high strain
871C
Tow strain Tow strain
Temp Uncoated Coated
high strain high strain
1000C
low strain Tow strain
Ae
pc
high strain high strain
871C low strain Tow strain
Temp Uncoated Coated
' high strain high strain
1000C _
low strain low strain
Ae
cp
high strain high strain
871C
low strain Tow strain
/
Figure 9-A. Test matrix for the examination of Rene 80 specimens

tested in vacuum (TRW)
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principal component

of inelastic strain range Temp Uncoated Coated
high strain high strain
Ae 1000C
PP low strain Tow strain
L}
Temp Uncoated Coated
high strain high strain
Ae pe 1000C
Tow strain low strain
Temp Uncoated Coated
high strain high strain
Ae 1000C
P low strain lTow strain
Temp Uncoated Coated
high strain high strain
Ae ce 1000C

Figure 9-B.

low strain

Tow strgin

tested in air (NASA)

Tegt maxtrix for the examination of René 80 specimens




principal component

of inelastic strain range Temp Uncoated
high strain
Ae pp 925C
low strain
Temp Uncoated
high strain
Ae ne 925C
Tow strain
Temp Uncoated
high strain
Ae cp 925C
Tow strain
Temp Uncoated
high strain
Ae cc 925C
low strain

Figure 9-C. Test matrix for the examination of IN 100 specimens
tested in air (NASA)
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Figure 12. Uncoated Rene 80 (TRW); Fatigue test results in vacuum at
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Figure 14, Rene 80 (TRW); HRSC fatigue test results in vacuum at
1000C and 871C for uncoated and coated specimens
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Figure 16, René 80 (TRW); TCCR fatigue test results in vacuum at
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Figure 25.
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Uncoated René 80 (U of C); Hysteresis loops for a TCCR

experiment in which the effect of strain rate on stress
response was demonstrated. The nominal holding stress
was 172 MPa
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80 (U of C); Strain time and stress time

records for the TCCR experiment in which the effect of
strain rate on stress response was demonstrated.

nominal holding stress was 172 MPa.
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Figure 27. Uncoated René 80 (U of C); Hysteresis loops recorded for:
_ Case I - a strain hold test, Case II - a tensile cyclic
creep rupture test, Case IIl - a continuous cycling test
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Figure 33. Uncoated Rene/ 80 (U of C); Hysteresis loops recorded for
the TCCR test designated GR-1
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record for the TCCR test designated Ree 208
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Figure 50. Rene 80 (NASA & TRW); untested microstructure from the
head of a specimen. The arrow head indicates the radial
direction.
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Figure 51. Rene 80 (NASA & TRW); untested microstructure from the
head of a specimen.
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Figure 52. Rene 80 (NASA & TRW); untested microstructure from the
head of a specimen.
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Figure 53. IN 100 (NASA); untested microstructure from the head of a
specimen.
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Figure 54. Specimen separation generally occurs by rapid crack pro-
pagation along an interdendritic path.
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A1-0S

A3-0S
Figure 55,

A.

B.

B3-0S

Uncoated René 80 (TRW); HRSC test in vacuum at 1000C.

7U-PP-6: PP = 0.296%,
Maximum Tensile Stress
8U-PP-7: PP = 0.078%,
Maximum Tensile Stress

Ne = 2,298, te = 0.60 hr.,
= 191.0 MPa.

Ne = 22,115, te = 5.90 hr.,
="117.2 MPa.
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B1-DS

A2-DS
Figure 56. Uncoated René 80 (TRW); HRSC test in vacuum at 1000C.
A. T7U-PP-6: PP = 0.296%, N = 2,298, tf = 0.60 hr.,
Maximum Tensile Stress = 191.0 MPa.
B. 8U-PP-7: PP = 0.078%, N. = 22,115, tf = r.,90 hr.,
Maximum Tensile Stress = 117.2 MPa.
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Figure 57. Uncoated René 80 (TRW); CCCR test in vacuum at 1000C.
A. 89U-PC-11: PP = 0.048%, PC = 0.271, Nf = 187, tf =
4.90 hr., Maximum Tensile Stress = 270.3 MPa.
B. 23U-PC-6: PP = 0.015%, PC = 0.194%, Ng = 9810, tf =

15.90 hr., Maximum Tensile Stress = 176.5 MPa.
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B1-0S

A2-0S B2-IS

A3-IS B3-DS
Figure 58. Uncoated René 80 (TRW); TCCR test in vacuum at 1000C.
A. 111U-CP-10: PP = 0.178%, CP = 0.533%, Nf' tf = 1.00
hr., Maximum Tensile Stress = 128.2 MPa.

B. 17U-CP-4: PP = 0.030%, CP = 0.210%, N, = 1385, tf =
8.60 hr., Maximum Tensile Stress = 80.0 MPa.

186



2-DS 4-DS
Figure 59. Uncoated Rene 80 (TRW); TCCR test in vacuum at 1000C.

A. 111U-CP-10: PP = 0,178%, CP = 0.553%, Nf = 78, te =
1.00 hr., Maximum Tensile Stress = 128.2 MPa.
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3-DS

2-DS 4-DS
Figure 60. Uncoated René 80 (TRW); TCCR test in vacuum at 1000C.

B. 17U-CP-4: PP = 0.030%, CP = 0.210%, N = 1385, t :
8.60 hr.. Maximum Tensile Stress = 80.0 MPa.
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A1-FS

B4-DS
Figure 61.

A.

B.

B2-IS

B3-DS
Coated René 80 (TRW); CCCR test in vacuum at 1000C.

56C-PC-1: PP = 0 132%, PC = 0.339%, Ne = 55, ¢t
1.00 hr., Maximum Tens11e Stress = 348 2 MPa.
93C-PC-8: PP = 0.025, PC = 0.142, N, = 691,
41.20 hr., Maximum Tensile Stress = 504 8 MPa

f =
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A3-0S

A.

B.

B3-I1S
Figure 62. Coated René 80 (TRW); TCCR test in vacuum at 1000C.

85C-CP-7: PP = 0.074%, CP = 0.250%, Nf = 134, tf >
4.50 hr., Maximum Tensile Stress = 145.5 MPa.
87C-CP-8: PP = 0.030%, CP = 0.169%, Nf = 950, tf =
6.20 hr., Maximum Tensile Stress = 124.1 MPa.
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A1-0S

A2-0S

A3-DS
Figure 63.

B1-FS

B2-0S

B3-0S
Uncoated René 80 (TRW); HRSC test in vacuum at 871C.

A. 21U-PP-8: PP = 0.322%, N, = 642, tf = 0.20 hr.,
Maximum Tensile Stress = £17.2 MPa.

B. 42U-PP-11: PP = 0.051%, N, = 21,620, tf = 58,50 hr.,
Maximum Tensile Stress = 162.1 MPa.
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A3-0S B3-0S

Figure 64. Uncoated René 80 (TRW); CCCR test in vacuum at 871C.

A. 92U-PC-13: PP = 0.094%, PC = 0.460%, N, = 41, te =
1.10 hr., Maximum Tensile Stress = 553.7 MPa.

B. 29U-PC-10: PP = 0.040%, PC = 0.164%, N, = 1415, te =
7.40 hr., Maximum Tensile Stress = 168.5 MPa.
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2-DS

Figure 65. Uncoated René€ 80 (TRW); CCCR test in vacuum at 871C.
A. 92U-PC-13: PP = 0.094%, PC = 0.460%, N, = 41, te =
1.10 hr., Maximum Tensile Stress = 553.7 MPa.

193



3-DS

2-DS 4-DS|0S
Figure 66.  Uncoated Renf 80 (TRW); CCR test in vacuum at 871C.

B. 29U-PC-10: PP = 0.040%, PC = 0.164%, N, = 1415, te =
7.40 hr., Maximum Tensile Stress = 168.3 MPa.
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A3-DS
Figure 67.

B1-0S

B3-DS

Uncoated René 80 (TRW); TCCR test in vacuum at 871C.

A. 112u-CP-11: PP = 0.077%, CP = 0.308%, Nf = 101, te =
1.80 hr., Maximum Tensile Stress = 284.8 MPa.

B. 30U0-CP-11: PP = 0.035%, CP = 0.254%, N. = 193, te =
1.30 hr., Maximum Tensile Stress - 251 MPa.
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«

A3-DS

Figure 68. Coated René 80 (TRW); HRSC test in vaccum at 871C.
A. 52C-PP-7: PP = 0.230%, No = 1365, tf = 0.04 hr.,
Maximum Tensile Stress = 309.6 MPa.
B. b54C-PP-8: PP = 0.086%, N, = 71,982, tf = 19.40 hr.,
Maximum Tensile Stress = 531 .0 MPa.
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Figure 69. Coated René 80 (TRW); CCCR test in vacuum at 871C.
95C-PC-9: PP = 0.033%, PC = 0.339%, N, = 126, te = 2.80
hr., Maximum Tensile Stress = 493.6 MP;.
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A1-0S B1-FS

B2-FS

A3-0S B3-0S
Figure 70.  Coated René 80 (TRW); TCCR test in vacuum at 871C.
A. 83C-CP-5: PP = 0.035, CP = 0,210, N, = 455, te =
12.10 hr., Maximum Tensile Stress = f98.0 MPa.
B. 115C-CP-11: PP = 0.034, CP = 0.034, Nf = 77, tf =
1.00 hr., Maximum Tensile Stress = 340.6 MPa.
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A3-DS

A.

B.

B3-0S

Figure 71. Uncoated René 80 (NASA); HRSC test in air at 1000C

Ree 206: PP = 0.431%, N = 202, te = 0.06 hr.,

Maximum Tensile Stress = 358.2 MPa.
Ree 204: PP = 0,089%, Nf = 0226, tf = 2,46 hr.,
Maximum Tensile Stress = 206.2 MPa.
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A3—IS B3-1S

Figure 72.  Uncoated Rene 80 (NASA); CCCR test in afr at 1000C.
A. Ree 200; PP = 0.222%, PC = 1.866%, Ns =10, te =
6

40,75 hr., Maximum Tensile Stress = 467.1 MPa.
B. Ree 219; PP = 0.268%, PC = 0.356%, N = 63, tf =
23.53 hr., Maximum Tensile Stress = 555.0 MPa.
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Figure 73. Uncoated Reng 80 (NASA); CCCR test in air at 1000C.
A. Ree 213: PP = 0.258%, PC = 0.267%, N¢ = 130, t
36.64 hr., Maximum Tensile Stress = 321.7 MPa.

B. Ree 210: PP = 0.031%, PC = 0.071%, Maximum Tensile
Stress = 183.3 MPa.

fz
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A1-0S B1-FS

A3-DS B3-0S

Figure 74. Uncoated René 80 (NASA); TCCR test in air at 1000C.

A. Ree 223: PP = 0.299%, CP = 0.757%, Ng¢ = 13, t¢ =
56.00 hr., Maximum Tensile Stress = 127.7 MPa.

B, Ree 220: PP = 0.055%, CP = 0.054%, N = 1600, te =
19.85 hr., Maximum Tensile Stress = 85.0 MPa.
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A1-08 ~ B1-0S

B4-DS B3-I1S
Figure 75. Uncoated Rene 80 (NASA); BCCR test in air at 1000C.
A. Ree 211: PP = 0.276%, CC = 1.557%, N, = 10, te =
1.56 hr., Maximum Tensile stress = 245.1 MPa .

B. Ree 212: PP = 0.071%, CC = 0.232%, Ng = 191, t, =
85.10 hr., Maximum Tensile Stress = 167.8 MPa.
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A1-FS | | B1-FS

B2-FS

A3-DS B3-DS
Figure 76 Coated René 80 (NASA); HRSC test in air at 1000C.
A. Ree 306: PP = 0.231%, Nf = 650, 1:1= = 0.18 hr.,
Maximum Tensile Stress = 298.6 MPa.
B. Ree 311: PP = 0.046%, N = 15,000, tf = 4.28 hr.,
Maximum Tensile Stress = 178.2 MPa.
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A1-0S B1-OS

B4-IS

Figure 77.  Coated René 80. (NASA); CCCR test in air at 1000C.

A. Ree 301: PP = 0.228%, PC = 0.392%, N, = 159, te =
20.47 hr., Maximum Tensile Stress = 353.5 MPa.

B. Ree 328: PP = 0.044%, PC = 0.044%, N. = 1900, te =
4.10 hr., Maximum Tensile Stress = 216.1 MPa .
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A3-DS B3-DS

Figure 78. Coated René'80 (NASA); TCCR test in air at 1000C.
A. Ree 305: PP = 0.134%, CP = 0.496%, N; = 48, te =

11.6 hr., Maximum Tensile Stress = 152.9 MPa.
B. Ree 302: PP = 0,058%, CP = 0.044%, N. = 3928, te =
45.45 hr., Maximum Tensile Stress = 95.3 MPa.
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B-FS
Figure 79. Coated Rene 80 (NASA); BCCR test in air at 1000C.

A. Ree 316: PP = 0.141%, CP = 0.036%, CC = 0.546%, N
36, tT = 20.44 hr., Maximum Tensile Stress 169. 1 MEa.
4:

B. Ree 3

PP = 0.011%, CC = 0.082%, N 4457, t¢ =
25.92 hr., Maximum Tensi]e Stress = 163

4 MPa.
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3-DS

4-DS

S-S 4-DS

Figure 80. Uncoated René 80 (U of C); TCCR test in air at 1000C.
GR-1: PP = 0.272%, CP = 0.325%, N. = 130, te = 16.56
hr., Maximum Tensile Stress = 172 ﬁPa.
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B1-DS

A2-DS B2-DS

Figure 81. Uncoated René 80 (U of C); TCCR test in air at 1000C.
A. GR-2: PP = 0,272%, CP = 0.325%, Test stopped at t =
3.31 hr. and N = 7, Maximum Tensile Stress = 172 MPa.
B. GR-3: PP = 0.272%, CP = 0.325% Test stopped at t =
7.39 hr, and N = 27, Maximum Tensile Stress = 172
MPa.
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3-DS

Figure 82.

5-DS o 4-DS

Uncoated René 80 (U of C); strain hold test in air at
1000C.

GR-4: PP = 0.576%, CP = 0.095%, N. = 160, tf = 17.33
hr., Maximum Tensile Stress = 243.56 MPa.
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A2-0S

B4-DS
Figure 83.

A.
B.

B83-DS

Uncoated IN 100 (NASA); HRSC test in air at 925C.

INN-17: PP = 0.417%, N. = 160, t. = 0.11 hr.,

Maximum Tensile Stress = 548.7 MPa.
INN-36: PP = 0.040, N. = 4015, t; = 2.23 hr.,

Maximum Tensile Stress = 224.1 MPa.
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B3-DS
Figure 84. Uncoated IN 100 (NASA); CCCR test in air at 925C.
A. INN-13: PP = 0.076%, PC = 0.102%, N = 139, tf =
87.31 hr., Maximum Tensile Stress = 586.8 MPa.
B. INN-15: PP = 0.034%, PC = 0.064%, N. = 332, te =
129.11 hr., Maximum tensile Stress = 412.3 MPa.
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Figure 85. Uncoated IN 100 (NASA); TCCR test in air at 925C.
A. INN-99: PP = 0,369%, CP = 1.288%, N. = 6, tf = 6.99
hr., Maximum Tensile Stress = 322.7 MPa.
B. INN-9: PP = 0.047%, CP = 0.047%, Ng = 1100, t, =

f

159.32 hr., Maximum Tensile Stress = 142.0 MPa
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A2-1S B2-IS

A3-DS

Figure 86. Uncoated IN 100 (NASA); BCCR test in air at 925C.

A. INN-16: PP = 0.039%, PC = 0.019%, CC = 0.374%, N, =
102, tf = 203.37 hr., Maximum Tensile Stress = l7f.0
MPa.

B. INN-89: PP = 0,045%, CC = 0.099%, N, = 840, tf =
78.33 hr., Maximum Tensile Stress = 500.7 MPa.
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A1-FS

A2-0S

A3-0S
Figure 87. Coated IN 100 (ONERA); test in air at 1000C.

A.

B.

N-14: Creep Rupture Test,
Tensile Stress = 205.5 MPa
N-4: Pure Fatiuge Test, N
Stress = 203 MPa.
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B2-FS

B3-0S

tr = 10.54 hr., Maximum

F = 24,278, Maximum Tensile



A1-FS B1-FS

A2-0S B2-0S

A3-0S B3-0S

Figure 88. Coated IN 100 (ONERA): test in afr at 1000C.
A. 34; PP = 0.013%, CC = 0.053%, N = 2520, t¢ = 21.00
hr., Maximum Tensile Stress = 155 MPa.
B. N-32; PP = 0.036%, CC = 0.136%, Nf = 568, te = 61.50
hr., Maximum Tensile Stress = 171.0 MPa.
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Figure 89. Mean Crack Spacing versus Total Strain Range for uncoated

René 80 tested in air at 1000C (NASA)
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Figure 90. Uncoated René 80 (U of C); Transmission Electron
Microscopy of a few selected specimens tested in afr at
1000C.

218



t
SN SRV S
A !

219

~—

4@-. -

Uncoated René'SO (U of C); Stress-time record for stfain

hold test, GR-4 (Case I).

Figure 91.
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Figure 92, Uncoated Rend 80 (U of C); Stress versus Cycle Number for
the strain hold test, GR-4 (Case I).
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12¢

1172 MPa

Figure 93. Uncoated Rene’80 (U of C) Schematic of the stress-time
record for the tensile cyclic creep rupture test, GR-1
(Case 11).
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Figure 94.

|

Uncoated Ren€ 80 (U of C); Schematic of the stress-time
record for the continuous cycling test, GR-5 (Case III).
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Figure 95,

Uncoated Rene 80 (U of C); Stress versus Cycle Number for
the continuous cycling test, GR-5 (Case III).
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